The DNA and a DNA-protein complex from adenoviruses by Robinson, Anthony John
THE DNA AND A DNA-PROTEIN COMPLEX 
FROM ADENOVIRUSES 
BY 
A. J. ROBINSON 
A the sis submitted for the Degree of 
Doctor of Philosophy in the Australian 
Natio1al University 
Noverbe _ 1974 
To my Mother and Father 
and 
To my wife Gillian 
l 
Tl met ads o excr cting vir 1 DA from virus 
particles scribed in Chapter 1 A2 and che work r eported 111 
Chapter 2, part A,10, wa s do1e in calla oration with A.J.D. 
Bellett. The · ork reported in Chapter 2, A, 6 was initiated 
by H.B. Younghusban nd continued by A.J.D. Bellett and 
myself. The models of adenovirus DNA r ~p lication reported in 
Chapter 3 re proposed by A J.D . Bellett and myself . The 
rest of the work is my own. 
A. J. . Robinson 
Department of 1icrobiology 
John Curtin Schoo l of Medical 
Re search 
ll 
~UMMARY 
This thesis describes the isolation of a DNA-protein 
comp lex from an vian ad novirus, chick embryo lethal orphan 
(CELO) virus, and the human adenovirus , adenovirus 2. When 
DNA is extracted from the adenovirus particles by methods 
avoiding proteolytic enzymes , circular and oligomeric molecules 
can be isolated. These forms a re d ependant on a protein as 
evidenced b y their s e nsitivity to proteolytic enzymes, their 
decreased d e nsity in guanidiniurn chloride - caesium chloride 
as compared with Pron se- sodium dodecyl s ulphate- phenol 
extracted DNA, and the ability to labe l the complexes with 
radioactive amino acids. It is probabl e that the protein is 
covalently bound to the DNA. 
Evidence is presented that the protein of the DNA-
protein complex is invol ved in adenovirus DNA replication and 
to models incorporating this idea are given. 
The thesis a lso describes the presence of an inverted 
t erminal r epeti tion 110 bases long at the ends of CELO virus 
DNA and discusses the significance of this structure in 
rel a tion to DNA replication. 
La~tly , a method fo r separating the complementary 
str nds of CLO virus DNAr on a preparative scale, is presented. 
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CHAPTER I 
Introduction and Review 
I TRODUCTION AND REVIEW 
SCOPE OF 'I'HE REVIEW 
1 
This revie is designed to introduce the reader to 
aspects of the structure and replication of DNAs from a number of 
systems including adenovirus. The comparison of adenovirus DNA 
structure and replication with that of DNA of other systems, 
will indicate the relevance of the work reported in Chapter 2. 
For a general discussion of the adenovirus group, the 
reader is referred to a number of reviews (Fenner et al., 1973; 
Merkow & Slifkin, 1973; Tooze, 1973). 
The enormous volume of literature on the subjects 
covered, precludes an exhaustive review and only work considered 
pertinent is referred to. 
2 
1. 
The basic model of DNA replic tion involves separation 
and subs quent copying of each strand of the double helix in a 
semi-conserv tive manner (Watson & Crick, 1953; Meselson & Stahl, 
1958). Daughter strands are synthesised on the parental strand 
t emplates as they are separated at the replication fork. The 
replication fork proceeds sequentially along the parental mole-
cule producing two progeny DNA molecules, each containing a 
parental and a newly synthesised daughter strand (Fig. 1). 
Although this basic model is still accepted, only some 
of the molecular mechanisms by which replication is achieved have 
been elucidated. It now appears that a simple extension of 
daughter strands, by stepwise addition of nucleotides at the 
replication fork in both the 3' to 5' and 5' to 3' directions 
with respect to strand polarity, does not occur. This is 
probably due to the nature of the DNA polymerase enzymes. All 
of the DNA polymerases known to be involved in DNA replication 
have two properties that impose restrictions on the way in which 
new strands can be made. Firstly, they cannot initiate the 
copying of a template without a 3' OH end (primer) on which to 
extend a DNA cl in and secondly, they will only extend chains 
in the 5' to 3' direction, with respect to strand polarity 
(Kornberg, 1969; Richardson, 1969; Goulian, 1971). Accepting 
that some mechanism would first separate the strands at the 
initiation site, initiation on a duplex DNA molecule without 
breaking a strand would be impossibl e if DNA polymerase alone 
was involved. It now seems likely that the primer is an RNA 
molecule synthesised at the initiating site by RNA polymerase 
(Brutlag et al., 1971; Scheckman et al ., 1972). RNA polymerases 
can initi te on a DNA template without requiring a primer (Furth 
et 1., 1961; Furth & Austin, 1970). This has been well 
investigated in vivo and in vitro with bacteriophage Ml3 DNA. 
Bacteriophage Ml3, a phage of Escherichia coli, contains a single 
stranded circular DNA of molecular weight 1.7 x 10 6 . On enter-
ing the host cell, it first converts this single stranded DNA 
into a double stranded ci cular replicative intermediate (Fig. 
2). The sequ nee of events that give rise to the replicative 
intermedi te are outlined below. RNA polymerase synthesises a 
short pi ce of RNA on the single stranded parental DNA and then 
DNA polymer se rrr* ( complex form of polymerase III) with 
Fig. l The basic model of DNA replica tion 
a. Parental DNA duplex. 
b. Separation of the parental, comp l e mentary strands. 
c,d.Synthe sis of daughter strands using parental strands as 
templates. 
e. Separation of the completed duplex daughter molecules. 
As one parental strand and one daughter strand make up each 
new duplex, replication is semi-conservative. In this and 
subsequent figures, 5' and 3' refer to the position of the 
fr e e OH or P04 group on the sugar moiety of the end nucleotide, 
thus indicating strand polarity. 
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Fig. 2 The conversion of Ml3 DNA to its double stranded 
replicative form . 
a. Single stranded Ml3 DNA . 
b. Attachment of E. c oli DNA unwinding proteins (0). 
c. Synthesis of RNA prime r ( ••) by RNA polymerase. 
. * d,e.Synthesis of complementary strand by polymerase III and 
* copolymerase III .(•) 
f. Removal of RNA primer by DNA polymerase I (•). 
g. Gap filled in by DNA polymerase I. 
h. Covalent closure of the newly synthesised strand by 
E . coli ligase. ( D ) • 
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3 
* copolymerase III (Wickner et 1 ., 1973) initiates on the 3' OH 
end of the RNA . There is then a requirement for DNA unwinding 
protein of E . coli (Sigal ec al ., 1972) to bind to the single 
stranded DNA before the polymerase system will copy . DNA poly-
merase 111* synthesises the complementary strand around the 
circular template until it meets the 5' end of the RNA primer. 
DNA polymeras e I now acts to excise the RNA primer and fill in 
the gap with deoxyribonucleotides, after which DNA ligase 
covalently closes the n e wly synthesised chain. All the enzymes 
are supplied by the host cell (Geider & Kornberg , 1974). 
These observations have been proposed as a general 
mode l to explain the initiation and synthes is of DNA chains. 
Synthesis in the 5 ' to 3' direction requires only one initiation 
event . Bearing in mind the nature of DNA polymerase, synthesis 
in the 3' to 5' direction is more difficult to explain, but a 
probable mechanism is outlined below. It has been shown for E. 
coli that 3' to 5' chain growth proceeds by discontinuous syn-
thesis of DNA chains in the 5' to 3' direct ion (Okazaki et al., 
1968). Each of these chains is about 1000 nucleotides (10-11 S) 
long (Okazaki pieces) and each is prime d by a shorter piece of 
RNA as the template strand is exposed at the replication fork 
(Sugino et al ., 1972). It is presumed that as each new chain 
arrives at the 5' end of the previous chain , the RNA is excised, 
the gap filled in by a DNA polymerase I and the chain closed 
with ligase (Okazaki et al., 1971) . Shorter Okazaki pieces 
(~ 8 S) have been fou nd during T4 DNA replication (Okazaki et 
al., 1968) and eve n shorter ones (4 S ) during SV 40 (Fareed & 
Salzman , 1972) and polyoma virus DNA replication (Winnacker et 
1., 1972). Polyoma virus DNA Okazaki pieces have been shown 
3 
to contain RNA (M gnusson et al ., 197~). Short fragments (100-
200 nucleotides) have been reported in replicating DNA from 
Hela cells , L cells and chinese hamster ovary cells (Huberman 
Horwitz, 197 3) . A r equirement for RNA synthesis for initiation 
of replication has been r eported for E. coli and the plasmids 15 
and F, (Lark, 1972; Messing et al. , 1972; Kline, 1973). Thus, 
ove r 11 growth of DNA chai ns can proceed in both the 5' to 3' 
nd 3' to 5 ' directions by known mechanisms and the re is good 
videnc now that synthesis in both directions can proceed 
discontinuously by Ok zaki i ece s prined with RNA (Okazaki et 
- 1., 19 68; Fa£eed et al. , 1973 ; Huberman & Horwitz, 1973) (Fig. 
3) . 
i 
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Fig. 3 Discontinuous synthesis of daughter strands by the 
mechanism proposed by Okazaki. 
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2. Circular du lex DNA nd its re lication 
form . 
Th re re many DNAs that can be isolated in circular 
Th chromosomes of E. coli and B. sub til is are probably 
large circular duplex DNA molecules , as determined by auto-
radiography (Cairns, 1963; ake , 1972), but due to their size 
(~ 3000 x 10 6 daltons) it is difficult to isolate them intact. 
The DNA o f Mycoplasma hominis has b een shown by electron micro-
scopy to be circular (Bode & Morowitz, 1967). rrhe DNAs of the 
bacterial plasmids COL £ 1 , E2 , and E3 are circular (Roth & 
Belinski, 1967; Bazaral & Belinski, 1968) as are the animal 
mitochondrial DNAs (Kroon e t al., 1966 ; Nas s, 1966; Sinclair & 
Stevens, 1966; Radloff e t al., 1967; Dawid & Wolstenholme, 1967; 
Piko e t al., 1967), plant mitochondrial DNA (Kolodner & Tewari, 
1972), yeast mitochondrial DNA (Hollenberg e t al., 1970), 
Neurospora crassa mitochondrial DNA (Clayton & Brambl, 1972), 
chloropla s t DNA from Euglena graci l is (Manning & Richards, 1972) 
and spinach (Manning et al., 1972), some of the DNA from the 
kinetoplast of Trypanosoma cr uzi (Riou & Delain, 1969), bacter-
iophage PM2 DNA (Espej o e t al., 1969) and the DNA from the 
animal viruse s papilloma, polyorna and SV 40 (Crawford & Black, 
1964; Vinograd et a l . , 1965; Crawford, 1965). These DNAs range 
in size from 100 x 10 6 daltons for spinach chloroplast DNA 
(Manning et al., 1972), down to 3.4 x 10 6 daltons (estimated from 
Caro, 196 5 ) for polyorna virus DNA . In contrast to the large 
bacterial chromosome DNAs, the se smaller circular DNAs can be 
extr cted i n a form in which both strands are covalently closed. 
The molecules appea r in the e lectron microscope to be in the 
supercoil d form (Fig. 4a). This form is a result of a 
deficiency o f Watson-Crick turns in the double helix of the 
circular duplex DNA compared with the equivalent linear molecule, 
unde r the same conditions of temperature and ionic environment 
(Crawford & War ing, 1967; Baue r & Vinograd, 1968; Wang, 1969). 
The mechanism by which this structure is formed in v ivo is not 
known. I a br k appears in ei the r strand , the molecule loses 
it s superhelical turns by rotating about the phosphodiester bond 
opposite the bre,k and becomes ~hat is known as a relaxed 
circle (Fig. 4b). Recently, a relaxed circular dupl ex DNA 
structure was isolated from he hepat itis B virus after disruption 
with detergents. Its molecular we ight has been estimated as 1.6 
x 10 6 , which mak sit he smallest na turally occurring duplex 
Fig. 4 Circular duplex DNA 
a. Supercoiled form. 
b. Relaxed circular form. 
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DA yet esc ' bed (Robinson 
19 7 4 ) . 
. S ., cited by Zuck rman & Howard, 
C irns (1963) proposed a n~d l or the replication of 
the chromosome of E . c oli on the basis of autoradiography of 
r ep licating molecules (Fig. 5) . It was propo s ed that the mole -
cule maintained a circular fo rm during repl ication and that the 
r plicating molecule Lesem.bled the Greek letter 8 in having two 
branch points co nnected by three segments. One branch point was 
moving (the replication fork) and the other stationary (the 
initiation f ork). At any one time, two of the segments had 
equal lengths and the se s egme nts containe d the newly replicated 
daughter strands (Cairns , 1963). 
It is now known that the initiation site is unique 
(Abe & Tomizawa, 1967; Masters, 1970) and replication proceeds 
bidirectionally, and not unidirectionally, from that site (Masters 
& Broda , 1971) until the two replication forks meet and the two 
daughter molecules separate . The daughter strands are syn-
the sised by the mechanisms described earlier. The basic struct-
ure, or Cairn ' s circle a s it has become known , has also been 
observed during the r eplication of B. sub til is and Mycoplasma 
hominis DNAs (Bode & Mo rowitz, 1967; Wake , 1972). 
Turning to the replication of the circular animal 
virus DNAs, the two onc ogenic viruses polyoma and SV 40 have 
been e xte ns ive l y studied . As was described above, the DNA in 
the particles of these viruse s is in the covalently closed form 
and it appears that r eplicating molecules retain this structure. 
El ctron mi oscop i c nd d dimen ation studies both lead to the 
conclusion that the molecules replicate as Cairn's circles and 
r ep lication proceeds bidirect ionally from a unique site (Hirt, 
1969; Levine e t al ., 1970 ; Bourgaux & Bourgaux--Ramoisy , 1971; 
Fareed et 1. , 1972; Nathans & Danna, 1972; Danna & Nathans, 
1972; Thoren e t 1 ., 1972 ; Cr wford e t al ., 1973). However, the 
unrep licated po rtion of the mo lecule remains supercoiled , 
whe r eas the newly replicated loops appear relaxed (Bourgaux 
et al., 1971 ; Sebr ing c t al . , 1971; Jaenisch et al ., 1971; 
Bourgaux Bourgaux-R moisy , 1972; Roman e t al ., 1974) . Other 
duplex DN s repl i cati gas Cairns c i rcl e s are Col E 1 plasmid 
DlA (Inselbc g , 1974 ; Tomizawa et al . 1 1974) and kinetoplast 
D A f rom T . cruzi (Brack e t 1. , 1972). 
Chick and mouse mitochondrial DNA (Arnberg et al., 
1971; Ks matsu et al . , 1971; Robberson et al ., 1972) replicate 
Fig. 5 The Cairn' s mode l f o r replicating a circ ular DNA 
(from J . Cairns (1964) Cold Spring Harbor Symp . 
Quant. Biol . 28, 43) . 
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D-loop (Fig. 6), that differs from the 
Cairn's circle model . The replicating structure is circular, 
but one of the parental strands remains single stranded after 
it is displaced by synthesis on the other strand . Initiation 
of synthesis on this displaced strand is delayed, but commences 
before the otler str nd has completed its round of replication. 
Synthesis of both strands is in the same overall direction with 
respect to strand polarity and when the two progeny DNAs 
separate, one is completely duplex, whereas the other is partly 
duplex and partly single stranded. This latter molecule 
eventually completes its round of replication (Kasamatsu et al., 
1973; Berk & Clayton , 1974). 
3 . The Special Problems of replicating linear DNA 
Each strand of a duplex circular DNA can be copied 
during replication essentially by the mechanism proposed for the 
conversion of single stranded M 13 DNA to its duplex replicative 
form. Mitochondrial DNA could replicate both strands entirely 
in the 5' to 3 1 direction. In a bidirectionally replicating 
Cairn's circle, each daughter strand is synthesised in the 
overall 3' to 5' direction at one of the growing forks and in 
the 5' to 3' direction at the other. When the forks meet, each 
strand can be completed. Similarly, in a unidirectionally 
replicating Cairn's circle, each daughter strand can be 
completed when its ends meet at the initiation site. When 
replicating a linear molecule, whether initiation was from the 
ends, or whether replication was bidirectional from an internal 
site, the growing chains would be able to complete the 3' ends 
but not the 5' ends. The final segment of the 5' end would 
never be completed or would contain an RNA primer which could 
be subsequently removed. Each round of replication would 
produce two daughter molecules in which the new strand was 
shorter than its parent (Fig. 7). (Watson, 1972; Bellett and 
Younghusband, 1972). 
All of the duplex DNAs isolated from bacteriophage 
particles have proved to be linear (Thomas & MacHattie, 1967; 
Kleinschmidt, 1969), except for bacteriophage PM2 (Espejo et al., 
1969). Herpes simplex I DNA, turkey her es virus DNA, and the 
DNA of equine abortion virus are examples of animal virus 
duplex DNAs that have been shown to be linear by electron 
microscopy (Soehner et al. , 1965 ; Kaaden & Dietzschold, 1972; 
Wagner et al ., 1974). Electron microscopic examination of the 
Fig. 6 The D-loop model of replication for mitochondrial DNA 
a. Covalently closed duplex mitochondrial DNA. 
b. Closed D-loop formed by the synthesis of a 7S DNA chain 
on the L strand. 
c. Expanded D-loop. 
d,e.Expanded D-loop with initiation and synthesis on the 
displaced H strand. 
f,g.Separation of one completed (f) daughter molecule and one 
incomplete (g) daughter molecule. 
h. Completed daughter molecule (g). 
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Fig. 7 The problem of replica ting a linear DNA 
After successive rounds of replication, progeny molecules 
become progressively smaller regardless of the origin of 
replication. For simplicity, only the fate of the shortest 
strand is followed after each round of replication. 
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7 DlAs of othe£ herpes viru es las not be n reported , but sedi-
m ntation studi sin nut 1 and alk line sucrose density grad-
ients suggest that are also linear (Lee et al., 1971; Nonoyama 
& Pagano, 1971 ; Huang et 1. , 1973). The pox virus DNAs have 
been little studied, but vaccinia virus DA is duplex and 
probably linear (Sarov & Becker, 196 7) . The adenovirus DNAs 
are liner (Van der Eb & Van Kesteren, 1966 ; Green et al., 1967; 
Burne tt & H rington, 1968; Younghusband & Bellett , 1971). The 
unic e llular organisms Tetrahymena pyriformis and Paramecium sp. 
contain linear mitochondrial DNA (Suyama & Miura, 1968) . 
As these naturally occurring l i near DNAs maintain 
their gene tic material during replication , some mechansim must 
be postulated to overcome the difficulty of completing the 5' 
ends of their DNA. 
4 . Structure of Linear Bacteriophage and Animal virus DNA 
On studying the line ar DNAs of bacteriophage more 
closely , it is found that ~he y can be circularised by a number 
of in vitro procedures . First ly , the DNA of the bacteriophage 
lambda ( \ ) is found to form circular and oligomeric molecules 
when heat e d to 75C in 0.6m NaCl and then cooled slowly or 
incubated at 45C in 0.lm NaCl or 0 . 6m NaCl (Hershey et al., 
1963; MacHattie & Thomas , 1964) . This is due to the annealing 
of compl e me ntary single stranded sequences 12 bases long , extend-
ing from the 5' e nds of the molecules (Fig. Ba) Hershey & Burgi , 
1965; Wu & Taylor, 1971). A number of other bacteriophage DNAs 
can be shown to possess similar cohesive ends (Yamagashi et al. , 
1965; Baldwin et al., 1966). 
A second typ e of DNA structure is found in bacterio-
phages T1, T 3 , T5 , T7 , ~1, W31 a~d H. These DNA molecules are 
all identical in ~eque nc e or 'unique' within each phage type. As 
well as being unique, they possess a DNA sequence that is present 
at both ends of the molecule (Fig. 8b). This is known as a 
terminal redundancy o r t e rminal repetition . On digesting these 
molecules with exonucl e as e III, terminal complementary single 
strand sequences are expos ed which can anneal to form circular 
molecules (MacHattie e t al . 1 1967). Exonuclease III is an enzyme 
from E. coli hich removes nucleotides in a stepwise fashion 
from the 3 ' e nds of duplex DNA (Richardson et al . , 1964). These 
DNAs lac th cohesive ends seen in the A-like phage DNAs (Thomas 
& Rubenstein, 1964; Ritchie e t al ., 1967; MacHattie e t al., 1972; 
8 
Rho des & Rho s , 19 7 2 ; Byrn n e t a 1 . 1 19 7 4) . 
Thirdly, if DA molecules from bacteriophage T2 are 
den tured nd allowed o r e ann ea1, circular forms are g nerated, 
as judged by electron microscopy and sedime ntation in neutral 
sucrose d nsity gradients (Thoma s & M· cHattie , 1964). These 
molecules do not posse ss coh sive ends and it has been deduced 
from the reanne ling experime nts that the DNA is circularly 
permuted. This means that all molecules are of equal length 
and contain the same series of DNA sequences, but different 
molecules begin with different sequences (Fig. Be). When the 
molecules are denatured and annealed, strands from different 
molecules can form duplexes with cohesive complementary single 
stranded ends. These anneal to form circles . This circularly 
permuted arrangement of sequences is shared by the DNAs from 
bacteriophages T 2 , T4 , T6 , P1 , P22 and coliphage 15 (Thomas 
& MacHattie , 1967; Ikeda & Tomizawa , 1968; Rhoades et al., 1968; 
Lee et al., 1970; Kirn Davidson , 1974). As well as being 
circularly permuted , all possess terminal redundancies,which can 
be detected by exonuclease III digestion followed by annealing. 
It becomes apparent that most DNAs of micro-organisms 
or organelles are circular,or can be circularised in vitro. 
Recently it was shown that the linear duplex DNA of herpes 
simplex virus can be circularised by digestion with bacteriophage 
A exonuclease, followed by annealing. This exonuclease removes 
nucleotides from the 5 1 ends of the DNA and, like exonuclease 
III, exposes single strand sequences which can anneal if 
complementary. 'rhus it appears that herpes simplex DNA has 
terminal repetitions (Grafstrom et al. 1 1974). 
A number of other DNA structures have been reported, 
the functions of which are obscure but are mentioned here for 
completeness . T5 DNA is a non-permuted DNA with long terminal 
repetitions (Thomas & Rubenstein , 1964; Rhoades & Rhoades, 1972), 
but differs from the other coliphages in having site specific 
breaks in one strand (Abelson & Thoma s , 1966; Bujard, 1969; 
Hayward & Smith, 1972; Bujard & Hendrickson, 1973) . These 
bre ks ar r pairable by T4 ligase and are thus breaks in 
phosphodiester bonds ('nicks 1 ) between adjacent nucleotides 
(Jacquemin-Sablan & Richardson , 1970). The herpes simplex I DNA 
and Marek 1 s disease virus DNA also show fragmentation of one 
strand wh n treated with alkali. It is not certain whether 
th se alk li labile bonds ar 'nicks' in the DNA,or perhaps 
Fig. 8 In vitro circularisation and concate mer formation of 
bacteriophage DNAs. 
a. DNAs with cohesive ends. 
b. DNAs with terminal repetitions. 
c. Circularly permuted DNAs with terminal repetitions 
EXO III= E. coli exonuclease III. 
a and a', band b', c and c' etc. refer to complementary 
sequences in this and subsequent figures. 
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r gions containing RNA ( n e l Roiz m n, 1972; Backenheimer 
et al., 1972; Wilkie, 1973). When intact single strands of 
herpes simplex I DNA are s e lf - annealed, novel structures are 
seen in the electron microscope. These are: linear molecules 
with a highly folded region at one end; circular molecules less 
than genome length in whi c h the folded region is retained, 
and 8 shaped molecules in which one loop is approximately 6 x 10 6 
d ltons , the other 36 x 10 6 daltons and the intervening duplex, 
8 x 10 6 daltons. From these observations , it has been suggested 
that there are internal sequences complementary to the end 
sequences on the same strand (Sheldrick & Berthelot, 1974). 
Finally, there is recent evidence that vaccinia virus may contain 
cross links at the ends of its DNA. This has been suggested 
following electron microscope studies of denatured DNA, sedi-
mentation in alkaline sucrose density gradients , and suscept-
ibility of the ends to the exonucleolytic activity of T4 poly-
merase (Geshelin & Berns , 1974). 
5 . Replication of Linear Bacteriophage DNA 
The in vitro end joining reactions of the bacterio-
phage DNAs tell us something about the replication of these 
molecules in vivo, as most of them replicate as circular or 
multiple genome length molecules (concatemers). 
A DNA, once inside its host cell, circularises by the 
annealing of its cohesive ends and within five minutes is 
converted to a covalently closed form by the action of host 
ligase (Young & Sinshe imer, 1964; Gellert, 1967). The first few 
rounds o · replica ion then proceed as a Cairn's circle (Tomizawa 
& Ogawa , 1968; Schnos & Inman, 1970), which replicates bidirect-
ionally . After fift ee n minut e s, this form of replication ceases 
and the newly replicating DNA is found in molecules that sediment 
much faster than mature A DNA in neut ral sucrose density gradients 
(Smith & Skalka , 1966). Alkaline sucrose density gradient sedi-
mentation of this DNA shows that some strands are longer than 
mature DNA, but pulse - chase experiments prove that most of these 
strands are processed into mature leng th molecules (Skalka, 1971). 
Concatemers of A DNA accumulate in cells infe cted with phage 
that are defective in producing head prote ins (Salzman & 
Weissbach, 1967). If the major head protein genes E or Dare 
ffected, these concat e me rs s e diment f aster than mature length A 
DNA in alkaline sucrose d e nsity gradients, indicating that the 
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h d prot ir s re ins m w y necessary to cut concatemers into 
mature length DA with cohesive ends (Wake e t al., 1972). 
It is suggeste th t these concatemers are generated 
by another replicating structure known as a 'rolling circle' 
(Fig. 9) (Skalka, 1971). The 'rolling circle ' (Gilbert & 
Dressler, 1968) consists of a genome length duplex circle to 
which is attached a duplex branch or tail. To commence 
replication, one of the par ntal strands remains covalently 
closed whil e the other strand is nicked . The 5' end of the 
nicked strand is then displaced by daughter strand synthesis 
initiated on the 3' end. As the growing fork moves along an 
endless template, tails longer than the circle can be generated. 
'Pinwheel' forms have also been predicted if multiple initiations 
occur. Even though this model can explain A concatemer 
formation, it has yet to be proven. 
P22 DNA, which has permuted sequences and terminal 
repetitions, circularises by a recombination event on entering 
the host cell (Yamagami & Yamamoto, 1970; Botstein & Matz, 1970). 
In infection which results in a phage burst, DNA replication is 
thought to proceed by a rolling circle mechanism in association 
with cell membranes. The concatemers produced are then cut into 
mature length DNA molecules (Botstein, 1968; Botstein & Levine, 
1968) . A hypothetical mechanism , called the 'headful' hypothesis, 
has been suggested to explain the maturation of such circularly 
permuted phage DNAs (Streisinger et al., 1967). The DNA con-
catemer is fed into a phage head until the head is full. It is 
then cut nd the DNA fed into anoth~r head and so on. If the 
'head fu l' is longer than the genome, terminally repetitious and 
circularly permuted DNA molecules will result (Fig. 10). 
Evidence suggesting that a headful mechanism operates during 
P22 DNA maturation , comes from an electron microscopic study of 
deletion mutants. Mutants in which a sequence has been deleted 
from the genome, have DNAs the same length as wild type DNA. 
The length of the terminal r e petition, however , is greater than 
wild type by the length of the deletion (Tye et al ., 1974a). 
Further, den tur tion m- pping of wild type P22 DNA shows that 
most of th ~nds of the nolec ules fall within 20% of each other 
on the physical map. As the terminal repetition is 2% of the 
genome length, mature DNAs have probably been derived from con-
e temers no more than 10 genomes long , starting from a unique 
site (Tye t 1., 1974b). 
Fig. 9 The rolling circle mechanism of DNA replication 
a. Parental DNA duplex. 
b. A nick is introduced into one strand. 
c. Daughter strand synthesis is initiated on the 3' end of 
the n i cked strand displacing the 5' end. Synthesis of 
the other daughter strand commences on the displaced 
strand. 
d,e.Continuing synthe sis on both strand s. Note that one of 
the parental stra nds is coval e ntly joined to one of the 
daughter strand s. 
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Fig. 10 The 'headful' Mechanism 
a. DNA from a concatemer is fed into a phage prohe ad. 
b. When the prohead is full, the concatemer is cut, 
generating a terminally repetitious DNA molecule 
within the prohead . 
c,d.The cut end of the concatemer enters another phage prohead. 
e. When this prohead is full, the concatemer is cut and 
another terminally repetitiou s DNA molecule is generated . 
This molecule begins at a different sequence from the last, 
as do subsequent 'headfuls', thus generating a circularly 
permuted collection of molecules. 
C d e t a 
b C 
,.,_ 
a 
.. 
- duplex DNA (2) 
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b C d e 
f a b C 
b 
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a b c d 
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• -
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In P22 in ctions , which result in lysog ny, the 
replicating DA does not form concatemers, but forms genome 
length coval ntly closed circles by a recombination event at 
the ends o f the DNA . The supercoiled molecule is probably a 
pre-requesit e for integration into the host genome (Smith & 
Levine, 1965; Rhoades & Thoma s, 1968). 
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The DNA of bacteriophage T4 , another circularly 
permuted, terminally repetitious DNA, also forms complex 
circular and linear concatemers during replication (Frankel, 
1968; Huberman , 1968; Werner, 1968; Bernstein & Bernstein, 1973). 
These concateme rs are thought to be the precursors of the mature 
DNA and it was for this DA that the 'headful' hypothesis was 
originally proposed (Streisinger e t al., 1967). However, 
electron microscopy of replicating T4 DNA molecules early in 
infection, failed to reveal circular forms and only linear mole-
cules containing multiple initiations are s een. The partially 
replicated linear strands are able to reinitiate and thus multi-
branches structures are generated (Delius et al., 1971). 
As an example of a non-permute~ terminally repetitious 
DNA, T7 has been the best studied. Like T4 DNA the first few 
rounds of replication proceed via linear molecules. Initiation 
is fr om a single site 17 % from the genetic left hand end, 
forming Y-shaped r eplicati ng intermediat es . These intermediates 
can reinitiate, forming multiple branch molecules (Wolfson et 
al ., 1972; Dressler e t al. , 1972). Later in replication, con-
catemers can be demonstrated, (Thomas e t a l., 1968; Schlegel & 
Thomas, 1972; Str~tling e t al ., 197 3). 
T5 also f o rms concatemers during DNA replication 
(Smith & Skalka, 196 6; Carri ngton & Lunt, 1973). It is inter-
esting to note that , after en tering the host cell, the nicks in 
Ts DNA are r e paired (Herman & Moyer, 1974), although they 
probab ly reappear later during replication (Carrington & Lunt, 
1973). The replication of T5 DNA has not been studied by 
lectron microscopy . 
Detailed studies of the replication of the DNAs of the 
h rpes viruses and the pox viruses have not been r eported . If 
the herpes virus DtA does contain terminal repetitions, as in 
T7, it may sugges t either circularisation or concatemer formation 
t some stage during replication. 
A number of theories have been proposed as to why DNA 
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mol cules are circula, circularise or form concatemer s to 
replicate. One theory is that circular molecules are more 
resistant to exonuclease attack in the host cell and that 
concatemers would only be degraded from the e nds, leaving the 
centrally plac d genomes intact (Kai ser , 1971; Yarmolinsky, 
1971). However, erf mutants of P22, which cannot form circles 
in r ecombination deficient host cell s , are not detectably 
degraded in these cells (Botstein persona l communication quoted 
by Kaiser, 1971). Also, T4 mutants which lack terminal 
repetitions and presumably cannot circularise , are not degraded 
inside bacteria (Mosig & Werner, 1969). 
Another theory is that the origin and terminus of 
replication need to be adjace nt so that, as the replicating fork 
reaches the terminus, it is the trigger for a new initiation. 
Such an arrangement could only occur in a circular or concate-
meric molecule (Kaiser, 1971). If this were true, then only 
unidirectional replication would be possible. The genomes of 
E. coli, B . subti li s , A and polyoma virus are examples of bi-
directional replication and thus the termination site can be 
remote from the origin of replication (Masters & Broda, 1971; 
Wake, 1972; Schnos & Inman, 1970, Crawford et al., 1973). 
Further, reinitiation can occur in the genomes of E. coli, 
B. sub til is , T4 and T7, before a round of replication is 
completed (Bird & Lark, 1968; Wake, 1972; Delius et al., 1971; 
Wolfson et al., 1972). 
However , the most attractive theory is that proposed 
by Watson (1972), who suggests that end joining overcomes the 
problem of how a linear DNA completes its 5 1 ends during 
r e plication. Circular mol ecu les can complete their daughter 
strands es s e ntially as outlined for M 13 and the rolling circle 
mechanism produces concatemers from which mature length molecules 
can be cut. It has been proposed that non-permuted, terminally 
repetitious DNA molecules , such as T7 , which replicates initially 
as a linear molecule, overcome the problem by annealing the 3' 
single stranded termini, generated when the RNA primer is 
r e moved from the 5' ends of newly r ep licated molecules. Concate-
mers are generated and the nicks and gaps or overlaps, resulting 
from annealing, are repaired by a s eque nce o f exonucleases, DNA 
polymerases and DNA ligases, producing covalently closed concate-
mers. To produce mature molecules, staggered nicks are made at 
specific sites one g e nome l e ngth ap a rt on each strand. Each 
genome length molecul e is now effective ly hydrogen bonded to 
the next by 5' single stranded ends, instead of 3' single 
stranded ends. Nicks on one strand are separated from nicks 
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on the other strand by the l e ngth o f the terminal repetition. 
DNA polymerase can initiate on the 3' ends at the nicks and 
displace the neighbouring 5 1 single strand by synthesis in the 
5' to 3' direction. The resulting molecules have then reformed 
the terminal repetitions (Fig. 1~). It is conceivable that con-
catemers of circularly permuted terminally repetitious DNAs 
could also be generated by this mechanism. The evidence that T4 
replicates initially as a linear molecule (Delius et al., 1971) 
may support this conclusion, however, a rolling circle mechanism 
has been proposed on the basis of autoradiography (Bernstein & 
Bernstein, 1973). 
6. The Structure of Adenovirus DNA 
Like most DNA containing bacteriophages, all adeno-
viruses studied to date have been found to contain a linear 
duplex DNA. These DNAs have generally been extracted from the 
particles by using proteolytic enzymes (Pronase, papain), 
followed by a detergent (sodium dodecyl sulphate (SDS)) and 
then phenol extraction which removes >99% of the viral proteins 
(Green & Pi~a, 1964). The molecular weight of the human adeno-
virus DNAs ranges from 20 x 106 to 25 x 106 (Van der Eb and Van 
Kesteren, 1966; Green et al., 1967). Chicken embryo lethal 
orphan virus (CELO virus) DNA has a molecular weight of 29 x 10 6 
and the simian adenovirus SA 7 DNA, a molecular weight of 22 x 
10 6 (Burnett & Harrington, 1968; Younghusband & Bellett, 1971). 
A more detailed investigation into the structure of adenovirus 
DNA reveals that single stranded cohesive ends, circularly 
permuted sequences, or t e rminal repetitions cannot be detected 
by applying the tests that have been used with bacteriophage 
DNAs (Green e t al., 1967; Younghusband & Bellett, 1971; Murray 
& Green, 1973). Further evidence against circular permutations 
in adenovirus DNA is gained from denaturation mapping. In this 
technique, the DNA is heated in formaldehyde, or treated with 
alkali and formaldehyde, until the adenine-thymine (A-T) rich 
regions in the DNA denature. The reaction is stopped at this 
stage by cooling, or neutralisation, and the molecules are 
examined under the electron microscope. The A-T rich regions 
Fig. 11 Watson's scheme for completing the 5' ends of T7 
DNA 
a. Initiation of replication 17% from the left hand end of 
the molecule. 
b. Replication continues, generating a Y-shaped intermediate . 
c. An RNA primer molecule remains at the newly synthesised 
5' ends of the separated daughter molecules. 
d. The RNA is remove d. 
e. The single stranded 3' ends anneal, as they are 
complementary. 
f. The gaps, nicks,or overlaps are repaired. 
g. A nick is made in each strand one genome length from 
the 5' end. 
h. Synthesis initiates on each 3' end. 
i,j.The 5' ends are completed. 
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appear s 'b bbl long th E.! otherwi s dupl e x molecule du to 
the form ldehyde reacting with the exposed amino groups and 
preventing r -annealing (Inman, 1966; Schnos & Inman, 1970). 
When this technique is applied to the DNAs of adenovirus 2, 
adenovirus 5, adenovirus 12, and CELO virus, the A-T rich regions 
map at unique sites along the molecules. This further 
demonstrates that they are not circularly permuted (Doerfler & 
Kleinschmidt, 1970; Doerfler et al., 1972a; Younghusband & 
Bellett, 1972; Ellens et al., 1974). 
Recently, a terminal redundancy of a novel form has 
been suggested for the DNA of adenovirus types 1, 2, 3, 7, 18 
and 31. (Garon et al., 1972; Wolfson & Dressler, 1972). This 
repeat at the ends of the DNA is called an inverted terminal 
repetition and can be demonstrated by denaturing the DNA and 
annealing at low DNA concentration to prevent duplex formation. 
Under these conditions, the single strands of the DNA form 
circles of uniform length and this has been interpreted as 
annealing of nucleotide sequences at the ends of the single 
strands. This implies a terminal repeat at the ends of the 
linear duplex DNA molecule, of a type inverted as compared with 
P22 or T7 DNA molecules (Fig. 12). 
The same form of terminal repetition has now been 
demonstrated for the plus and minus strands of adeno-associated 
virus 2 (AAV-2) DNA (Koczot et al., 1973). This small virus is 
a member of the parvovirus group and each particle contains a 
single stranded linear DNA molecule of molecular weight 1.4 x 
106 (Mayor et al., 1969; Gerry et al., 1973). Two populations 
of single stranded DNA molecules are present, one being com-
plementary to the other, with respect to nucleotide sequence. 
These are referred to as the plus and minus strands respectively 
(Crawford et al., 1969; Rose et al., 1969). When the plus and 
minus strands are annealed separately, they form single stranded 
circles and a few single stranded oligomers. Here the similarity 
with adenoviruses ends, for when they are annealed together at 
high concentration, circular and concatemeric, as well as linear 
duplex molecules form. This has led to the conclusion that the 
molecules have two permutations, and terminal repeats incorpor-
ating both T7 and adenovirus-like terminal repetitions (Gerry 
et al., 197 3) . 
Adenovirus DNA does not have nicks or alkali-labile 
bonds. This can be demonstrated by sedimentation in alkaline 
·-· .......... ~ • ·- •• ,....)4. • .. -
Fig. 12 The inverted terminal repetition 
a. The structure proposed by Wolfson & Dressler (1972). 
b. The structure proposed by Garon et al. (1972). The 
circular forms to the right a re the result of opposing 
the ends of the DNA with strand polarity maintained. 
It can be seen that only a. results in a palindrome. 
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sucrose density gradients, whe re the den tured DNA sediments 
as a discrete peak corresponding to molecules one half the size 
of duplex DNA (Green et al., 1967; Younghusband and Bellett, 
1971) . Further, the complementary strands of the DNA of 
adenovirus type 2 can be isolated intact (Landgraf-Leurs & 
Green , 1971) and the DNA, when denatured and annealed at low 
concentration, can form greater than 50% single stranded 
circular forms (Garon e t al., 1972; Wolfson & Dressler, 1972). 
In summary, adenovirus DNA has a unique structure. 
It is a linear duplex , non-permuted DNA, that lacks cohesive ends 
and has an inverted terminal repetition. Both strands are 
intact and no internal complementary sequences can be demon-
strated. 
7. Adenovirus DNA Replication 
As has been discussed, adenovirus DNA molecules are 
linear and cannot be circularised in vitro by the methods 
applied to the bacteriophage DNAs. Also, the inverted terminal 
repetitions , as interpreted by the annealing of ends of the 
single strands, would be unlikely to undergo an in vivo recombin-
ation event involving conventional base pairing of complementary 
sequences to produce circles or concatemers (Signer, 1971). 
Thus , it could be predicted that circularisation or concatemer 
formation by known mechanisms would be unlikely to occur during 
adenovirus DNA replication. This appears to be the case, as 
evidence to date suggests that adenovirus DNA maintains a genome 
length line .c fo m dur.i.ng r plication. 
The adenoviruses most studied in regard to DNA 
replication have been adenovirus 2 (Horwitz, 1971; Pearson & 
Hanawalt, 1971; Horwitz e t al., 1973; Pettersson , 1973; Robin 
et al. , 1973; Horwitz, 1974), adenovirus 5 (Van de~ Vleit & 
Sussenbach, 1972; Sussenbach & Van der Vleit , 1972; Sussenbach 
et al., 1972 and 1973; Sussenbach & Van der Vleit, 1973; Van 
der Eb , 1973; D.J. Ellens, J.S. Sussenbach, and H.S. Jansz 
(1974), P rs. comm. to A.J.D. Bellett) and the avian adenovirus, 
CELO (virus) (Bellett & Younghusband, 1972). Despite variations 
in technique used, all systems give basically the same results. 
The strands of the linear replicating intermediates are never 
longer than mature DNA strands , as judge d by sedimentation in 
alkaline sucrose density gradients (Horwitz, 1971; Bellett & 
Younghusband, 1972; Sussenbach & Van der Vleit, 1973) and neutral 
I 
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sucrose density gr ient s dimentation o replicating molecules 
detects material sedimenting£ ster th n mature DNA (Pearson & 
H nawalt, 1971; Van d r Vleit & Sussenbach, 1972; Bellett & 
Younghusband , 1972; Van der Eb , 1973; Robin et al ., 1973). 
Analysis of the fast sedimenting DNA in neutral caesium chloride 
density gradients shows that it is denser than mature viral DNA 
and this density is unchanged after RNA-ase digestion (Pearson 
& Hanawalt, 1971; Sussenbach & Van der Vleit, 1972; Bellett & 
Younghusband, 1972; Van der Eb, 1973; Pettersson, 1973). This 
suggests that the replicating molecules contain extensive single 
stranded regions. The presence of single stranded regions can 
be also detected by chromatography on benzoylnaphthoyl-diethy-
laminoethyl cellulose (BND cellulose) (Sussenbach et al., 1972; 
Younghusband & Bellett, 1972; Van der Eb, 1973; Robin et al., 
1973). In another system investigating adenovirus 2 replication, 
25-30% of replicating molecules were single stranded, as judged 
. 
by their suscept~bility to Ne urospora crassa single strand 
specific endonuclease (Pettersson, 1973). This further confirms 
the presence of large single stranded regions in replicating 
adenovirus DNA. 
Electron microscopy of replicating molecules in the 
adenovirus 5 system, provides good evidence that these replicat-
ing molecules are genome length and also visualises the large 
regions of single stranded DNA. Replicating adenovirus 5 
molecules, labelled for 2 hours with 3tt deoxyadenosine and 
bromodeoxy uridine in isolated nuclei, were extracted with sodium 
dod cyl sulphate and Pron se and the material obtained was 
centrifuged in neutral sucrose gradients. The fast sedimenting 
material was centrifuged to equilibrium in CsCl and the hybrid 
peak fractions were pooled. Electron microscopy of this 
material showed many linear Y shaped molecules in which one arm 
of the Y was single stranded. In other molecules, one arm was 
partially single stranded. Linear molecules with centrally 
located single stranded r e gions and linear molecules with single 
stranded regions at one end were also observed, (Sussenbach et 
al., 1972; Ellens et al ., 1974). These results have been con-
firmed using a similar isolation procedure (Van der Eb, 1973). 
By infecting cells with 3H labelled virus, and following the 
fate of parental DNA, it was deduced that the single stranded 
material is a parenta l strand, presumably being displaced by 
newly synthesis e d DNA on the other strand (Sussenbach et al., 
17 
1973). D naturation mapping of such mol cules has shown that 
the parental strand is initially displaced from the right - hand 
(A-T rich) end o f the molecule and that initiations from the 
left-hand e n d are rare (El lens et al ., 1974) . 
Synchronisation of adenovirus 5 DNA replication in 
intact cells, can be achieved by re leasing the cells from a 
hydroxyurea block (Sussenbach and Va nder Vlei t, 1973). Also by 
using E CORI , a restriction endonuclease from E . coli, adeno-
virus 5 DNA can be cut into three unique fragments and these 
fragments can be oriented on the adenovirus 5 DNA molecule by 
denaturation mapping. Combining these two facts, it is possible 
to test which fragment DNA synthesis is initiated. By isolating 
molecules that had completed an average of 25% replication 
following release from a hydroxyurea block, it can be shown that 
newly synthes ised DNA only appears on the E CORI fragments from 
the right hand end of the mature DNA molecules (Ellens et al., 
1974). By hybridising the single stranded viral specific DNA 
from hydroxyurea synchronised cells with separated strands from 
the mature DNA , it can be shown that most of the single stranded 
material is displaced parental H strand. The H strand is the 
denser of the two complementary strands seen in alkaline CsCl 
d nsity gradients (Sussenbach e t al., 1973). In hydroxyurea 
synchronised cells, the entire H strand is displaced before its 
replication is initiated, unlike unsynchronised cells in which 
r e plication on the displaced strand has often commenced before 
displacement (Ellens e t al., 1974). It has been proposed that 
initiation nd termination of Ad2 DNA replication can occur at 
both ends of the molecule (Horwitz, 1974). This is based on 
the annealing of DNA extracted from pul se labelled infected 
cells, to the separated left and right halves of Ad 2 DNA, and 
also Ad+ND, DNA (Lewis et al., 1969~ which is a hybrid molecule 
containing a segment of the SV40 genome situated 13.6% -20% 
from one end (Morrow & Berg, 1972) . 
8. Models of Adenovirus DNA Replication 
On the basis of their results Sussenbach and co-workers 
have proposed a model for adenovirus DNA replication (Fig. 13 ). 
DNA synthesis starts on the L strand at the right hand (A-T rich) 
end o f mature DNA, displacing the H strand . After prolonged 
displacement synthesis, there may arise two types of inter-
mediates . In one type of intermediat e complementary strand 
' 
Fig. 13 The Sussenbach model of Adenovirus DNA replication 
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H strand remains singl st ded . After completion of the 
displacement synthesis, both types of intermediate will yield a 
mature doubl strand d molecule and a sing le strand with or 
without double strand region. Further , complementary strand 
ynthesis on the displaced strand my start at different 
initiation sites , which l e d s to the formatio n of duplex mole-
cules with internal single strand r egions or single stranded 
molecules with a double stranded end. 
Sussenbach 's electron microscopy data leave little 
doubt that he is looking at replicating AdS Dl~A and that in these 
molecules, the first initiation event occurs at the A-T rich end. 
Electron microscopy of replicating Ad2 DNA (Pettersson, 1973) 
and CELO virus DNA (H.B. Younghusband & A.J.D. Bellet, personal 
communication) has been unsuccessful, so a comparison of the 
replicating forms of these DNAs with AdS DNA is not possible. 
Sussenbach may be successful in finding replicating Ad5 molecules 
by electron microscopy, because in the isolated nuclei system, 
the rate of replication is slowed to about one fifth of that in 
intact unsynchronised cells. This may increase the relative 
number of partially replicated molecules at any one time. It 
has been shown (Van der Vleit & Sussenbach, 1971) that the 
molecules replicating before isolation of nuclei continue 
replication in the i s olated nuclei. However, it could be argued 
that molecules which initiate after nuclei isolation are not 
representative of the natural replication process. Also, the 
finding that the H strand is displaced in cells released from a 
hydroxyure block, may not represent what happens in unsynchron-
ised cells. Sussenbach's model includes the possibility of 
different initiation sites on the d isplaced strand to explain 
the observed duplex molecules with internal single stranded 
regions. His model is vague on thi s point. On looking at 
replicating molecules in which DNA synthesis has started on the 
partially displaced strand, it can be seen that the duplex 
region extends from a variable point on the strand, to the end, 
in all but one c se. Generally, the greater the displacement, 
the longer the duplex region. This suggests that initiation 
h s occurr d at the free end and synth sis has proceeded in the 
direction of the replication fork. The alternative is that there 
are numerous initiation sites on the displaced strand and that 
synthesis proceeds from h se sites toward the free end. One 
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would expec t to see many molecules that had not reached the end 
if this were the case. As only one such molecule has been 
reported, it seems lik ly that synthesis on the displaced strand 
is from the free end toward the displacement fork . In strands 
that have been completely displaced however , some mo l e cules 
have beens en that have interna l single stranded regions. 
Although some of these molecules could be e xplained by variation 
in the contrast on electron mic rographs , so many have been seen, 
it seems likely that they are molecules that have initiated at 
more than one site. If Okazaki type chain growth occurs during 
adenovirus 5 DNA replication, then there may be many sites 
available for an RNA primer to initiate synthesis on the displaced 
strand. The molecules seen that contained both duplex and single 
strand ends were not oriented by denaturation mapping and so may 
have initiated from either the molecular left or right end. 
Horwitz (1974) proposes another replication model for 
Ad2 DNA (Fig. 14). The model proposes initiation from both ends 
of the replicating adenovirus 2 DNA molecule. The biochemical 
data he has presented, compared with the electron microscopy 
data of Sussenbach,has the advantage that it has come from 
examination of the total amount of replicating material in the 
host cell nucleus. Also, the cell-virus system he uses is closer 
to the natural situation than that used by Sussenbach et al. 
Conversely the difficulty of obtaining pure preparations of left 
and right halves of Ad2 and Ad + NDI DNA molecules makes 
the annealing experiments less convincing, but his interpre-
tations seem reasonable. The fact that Horwitz can detect no 
Okazaki pieces during Ad2 DNA replication is also puzzling, as 
it is difficult to avoid postulating Okazaki type synthesis on 
at least one strand d uri ng adenovirus 5 DNA replication. Also, 
Okazaki pieces have b een found during the replication of CELO 
virus DNA (Be llett & Younghusband, 1972). Horwitz's model is 
only compatible with Sus senba ch's mode l in one special case. 
This is when synthesis initiates on one parental 5' end and 
continues in the 5 1 -3 1 direction, di splacing the other strand. 
When completely displaced, this strand could then initiate 
synthesis at the 5' end. Replication could thus proceed without 
invoking discontinuous synthesis . 
Regardless of the merits o f these models , both are 
inadequate in that they do not suggest a way in which the 5' 
ends of the daughter strands might be completed . 
Fig. 14 The Horwitz model of Adenovirus DNA replication 
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It is apparent that the r plication of adenovirus DNA 
differs from other D As that have been studied. If replicating 
adenovirus DA can only be found in the form of a linear genome 
length molecule, and the evidence suggests that this is the case, 
a number of solutions to this problem are possible. It could be 
postulated that adenovirus DNA uses a DNA polymerase, which 
synthesises new DNA chains in the 3'-5' direction, with or with-
out a primer. This seems unlikely. Apart from the fact that no 
such enzyme has been described, the complicated system of 
discontinuous synthesis in the overall 3'-5' direction, would 
have been unlikely to have evolved if an enzyme capable of syn-
thesising in the 3'-5' direction was a viable alternative. It 
is possible that an RNA primer at the 5' ends is not removed 
and remains part of the mature molecule. This has not been 
reported for adenovirus DNA, but there is some evidence that RNA 
may be retained in some mature mitochondrial DNA molecules (Piko 
.. 
et al., 1968; Borst, 1972; Koch, 1973; Miyak~ et al., 1973; 
Kasamatsu et al., 1973) and T 4 DNA (Speyer et al., 1972). It 
has also been reported that DNA polymerase I can copy RNA (Karkas, 
1973). A third possibility is that some, as yet undiscovered, 
property of the ends of the DNA allows the 5 1 ends to be 
completed. A structure with hairpin ends, such as Fig. 15, 
could replicate as a dimer circle and would be compatible with 
single stranded circle formation and exonuclease III digestion. 
It should be possible to test this structure by closing the nicks 
with ligase and sedimenting in alkaline sucrose. If the ends are 
separated by a gap, DNA polymerase followed by ligase would be 
necessary to complete the structure. Electron microscopy and 
sedimentation o f replicating molecules does not support this 
model. Also, it has been reported that the terminal 5' nucleo-
tide of adenovirus 2 is a non-phosphorylated guanosine by the 
bacterial polynucleotide kinase reaction (Burlingham, 1974). 
This reaction would not be possible with a hairpin structure. 
Another possibility is that a protein is capable of opposing 
and joining the ends of the DNA, but is lost during the extract-
ion procedure. Such a joining protein has been described for the 
,,. 
Bacillus phage ~29 (Ortin et al ., 1971). 
9. The DNA-protein complexes of Bacteriophage 0 29 and related 
Bacillu phages 
0 29 is a morphologically complex phage of Bacillus 
amyloliquifaciens. The DNA is a linear duplex DNA of molecular 
Fig. 15 The 'hairpin' model of Adenovirus DNA replication 
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weight 11 x 10 (Andrson et al., 1966) . If the DA is extracted 
with phenol (Reilly & Spiziz e n , 1965) and annealed in high salt 
concentration, circular molecules can be seen by electron micro-
scopy (Thomas et al., 1968; Anuerson & Mosharrafa, 1968) . If 
alkali denatured 0 29 DNA is reannealed in 2 x SSC solution 
(0.38m Na+), no circular molecules can be generated, which 
suggests that the mol ecules are not circularly permuted (Anderson 
& Mosharrafa, 1968). This has led to the conclusion that 0 29 
DNA is non-permuted and has single stranded cohesive ends , 
similar to A DNA. When the DNA was extracted with sodium per-
chlorate however , no circular molecules could be generated by 
annealing. No satisfactory solution could be given for this 
result, except that the ends of the DNA may have broken off 
during the extraction procedure (Anderson & Mosharrafa, 1968). 
In contradiction to this result, Hirokawa, (1972) reported that 
10% circular forms could be found after sodium perchlorate 
extraction . Also , 0 29 DNA extracted with phenol and Pronase, 
failed to circularise whe n annealed in 0.75m Na+ (Ortin et al., 
1971). These workers further showed that if the DNA was 
extracted by treatment with Sarkosyl, followed by chromatography 
on Spherosyl beads, relaxed circular DNA molecules could be 
detected by electron microscopy and sedimentation in neutral 
sucrose. All circular forms disappeared after treatment with 
trypsin and could not be recircularised by annealing. Heating 
the circular molecules to 65C for 5 minutes, followed by chilling 
in ice, had no effect on the proportion of circles. ( A DNA, 
circularised by its sticky ends , would have been converted to 
linear molecules by this treatment). Sedimentation of these 
circular forms , in alkaline sucros e , showed some DNA moving 
faster than linear DNA, but this was not commented on. It was 
concluded that a protein is necessary to maintain the circular 
form and its function may be in packaging the DNA into the 
particle. From the 35 s radioactivity associated with the DNA 
during sedime ntation, the amount of the protein was calculated 
to be 105,000 daltons. After boilins1 the DNA-protein compl e x 
in urea nd SOS, the protein present coelectrophoresed in a 
polyacryla mide gel with the major he a d protein of the phage (m.w. 
54 ,000). 
Transfection studies have suggested an earlier role for 
tl is protein than packaging. When some strains of B. sub tilis 
are grown in the presence of bacteriophage 0 29 DNA molecules, 
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these molecul s are t ken up readily and produce a phage burst 
from infected cells (R illy & Spizizen, 1965). These authors 
report that incubation with trypsin did not affect the trans-
fecting ability of phenol extracted 0 29 DNA. A more detailed 
study however, contradicts this finding and trypsin, chymotrypsin 
and pronase all destroyed this transfecting ability (Hirokawa, 
1972). The protease sensitivity of transfection disappeared 
earlier than DNA-ase sensitivity and thus it was suggested that 
the protein portion of the complex was necessary for uptake of 
DNA into the cell (Hirokawa, 1972). 
Another bacillus phage, GA-I has been shown to contain 
a DNA-protein complex with properties similar to 0 29. Although 
the two phages are serologically unrelated, GA-I DNA has a 
molecular weight simil r to that of 0 29. Phenol extracted 
GA-I DNA can transfect its host, but this ability is lost after 
trypsin treatment. The protease treated GA-I DNA competed just 
as effectively as untreated DNA against transformation by host 
DNA (Bacillus sp. GIR strr DNA) in Bacillus sp. GIR. From this, 
it was concluded that the protease treated GA-I DNA was taken 
up by the cell just as effectively as untreated GA-I DNA and 
that the protein must play an essential role in intracellular 
development. Molecular weight estimates for the protein 
associated with GA-I DNA, based on a decrease in density in CsCl, 
was 65,000 (Arwert & Venema, 1974). 
It is possible that two other bacillus phages, SPO 2 
and 0 105 have a similar protein to 0 29 and GA-I. These two 
phages (0 105 and SPO 2) have DNAs of molecular weight 25 x 10 6 
and are closely related, as determined by heteroduplex mapping 
(Chow et al., 1972). 0 105 DNA has been extracted in a circular 
form with phenol (Birdsell et al., 1969) and although half mole-
cules failed to form full length molecules under annealing 
conditions, a test for sticky ends devised for A DNA (Hershey & 
Bergi, 1965), it was never the less concluded, probably 
incorrectly, that the DNA has cohesive single stranded ends. 
Transfection by phenol extracted SPO 2 DNA is protease sensitive 
(Arwert & Venema, 1974) and electron microscopy of osmotically 
shocked phage reveals forms that could be circular. On the 
basis of these forms, it was assumed that SPO 2 DNA has sticky 
nds (Boice et al., 1969). Again, this assumption is probably 
not valid. 
Transfection by the much l a rger DNAs of bacillus phages 
SPP I, SP 50 nd SPO I do 
(Hirokawa, 1 9 72). 
23 
not app ar to be protease sensitive , 
CHAPTER 2 
EXPERIMENTS AD RESULTS 
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INTRODUCTION 
Studi son denovirus DNA replication reveal a unique 
situation comp rd with other DNAs. From all the information 
obtained, the c entral problem of how the virus completes the 5 1 
ends of its DNA remains unan wered. However , the fact that adeno -
virus does effective ly replicate its DNA , suggests that the 
techniqu s that have been used to investigate its replication 
are inadequate. It was reasonable that the methods successful 
in extracting replicating papova virus DNAs from infected cells 
should be applied to the adenoviruses, and much useful informat-
ion has been obtained from this approach. Any method employed 
must separate the molecul e s of interest from a vast 'soup' of 
host macromolecules and this is not a simple task. Further, if 
the replication of the viral DNA is depe ndant on host structures, 
or functions, the problem may be compounded. 
It was thought possible that the procedures employed 
in extracting replicating adenovirus DNA were destroying some 
components o f the replication machinery that would shed light on 
the replication process and, in particular, on the mechanism of 
completing the 5' ends. As discussed previously, the most likely 
way for the e nds to be completed is for the ends of the DNA to 
be joined at some time during replica tion. If a protein is 
involved, this would be lost during the extraction procedures so 
far employed. To isolate a viral speci fic replicating DNA-
protein complex from the infected cell 1s a formidable task and 
efforts made in this direction have yielde d little information 
on the problems of DNA r ep lication outlined above (Pearson & 
Hanawalt, 1971; Wallac e & Kates, 1972; Doerfler et al., 1972b; 
Suzuki & Shimojo, 1974; Shiraki et al . , 1974). 
In view of what had been di scovered with bacteriophage 
~ 29, it was decided t o see if a similar DNA-protein complex 
could be isolated from the adenovirus particle. A protein present 
in the particl e and c a pab l e o f joining the ends of the DNA co~ld 
have a rol e in DNA replication. If such a protein was found, the 
procedures used to isolate it from the particle could then be 
applied to the infected cell. 
CELO virus, an oncogenic avian adenovirus, was used in 
the experiments reported below . 
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1. Electron microscopy of partially disrupted virus. 
When a pr paration of~ 29 was treated with glutar-
aldehyde, urea, and perchlorate, and examined in the electron 
microscope, DA that had been released from disrupted virus 
~ 
could be seen in circular or supercoiled form (Ortin et al., 
1971). 
Fig. 16 shows the result of spreading CELO virus for 
electron microscopy after treatment with glutaraldehyde, 
followed by 4M urea-2M sodium perchlorate. The DNA released 
from the particles appears to be circular and in some cases 
supercoiled. Most molecules showed one or two free ends but 
about 20% appeared as circles (Fig. 16 a, b, c) or as supercoiled 
molecules (Fig. 16 d, e, f, g). It was later found that the 
glutaraldehyde and urea-perchlorate steps were unnecessary and 
untreated virus that had been stored at 4C gave similar results. 
CELO virus, when stored for a few weeks at 4C, aggregates and 
presumably becomes destabilized. 
This result, although not proving the existence of a 
DNA-protein complex, was similar to the result obtained with 
~ 29. This prompted a search for methods that might isolate a 
circular or supercoiled DNA molecule from the viral particle. 
The methods all avoided the use of proteolytic enzymes. 
2. Extraction of DNA by methods avoiding proteolytic 
enzymes 
Agents used to disrupt virus included: urea (4M) and 
sodium perchlorate (2M to 4M) either separately or together, 
formamide (30%), pyridine (10%) and sodium deoxycholate (0.5%) 
at room temperature and at 56C. The DNA was then extracted with 
chloroform-isoamyl alcohol and sedimented in neutral sucrose. 
Electron micrographs of circular molecules obtained by these 
methods are shown in Fig . 17. These methods gave low or incon-
sistent recovery and were rejected for further development. 
They did show however that a number of methods could yield 
circular molecules . In one experiment, a preparation of CELO 
virus equivalent to about 500 µg of DNA was added to an equal 
volume of 8M guanidinium chloride (GuHCl . The DNA was spooled 
out on a rod after dropwise addition of 2 volumes of ethanol 
and redissolved in saturated GuHCl. Wh e n this material was 
examined by electron microscopy , most of the DNA was in the 
form of large t ngle~ but 20% of the r cognisable forms were 
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Fig. 16 Electron microscopy of disrupted CELO virus 
Electron microscopy of DNA released from CELO virus 
during spreading by the protein film technique and stained 
with uranyl acetate. (a), (b), (c) Apparently circular mole-
cules. (d) A molecule that is appare ntly partly supercoiled. 
(e), (f ), (g) Molecules that are appa rently supercoiled. 
The bars in this and in subsequent el e ctron micrographs represents 
approximately ~M. 
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Fig. 17 Circular f orms of CELO virus DNA - various methods 
Circular DNA molecul e s obtained from CELO virus by the 
following methods: (a), (b), (c), virus was disrupted in 3.SM 
urea 1.85M sodium perchlorate for 15 min.at room temperature, 
extracted with chloroform isoamyl alcohol (24:1), and sedimented 
in a neutral sucrose gradient (SW 25.1, 16 hr, 18,000 rpm). 
(d), (e), (f}, virus was disrupted by heating to 56C for 45 
sec in 0.5% deoxycholate, chilled in ice, extracted with chloro-
form-isoamyl alcohol, and dialysed against 0.lM NaCl, 0.05M 
tris pH7.2, 0.001M EDTA. (g), (h), virus was disrupted in 30% 
formamide for 15 min at 0C, extracted with phenol at 0C and 
dialysed. (i) virus was disrupted in 10% pyridine for one hour 
at room temperature, extracted with chloroform isoamyl alcohol 
and dialysed. 
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circular monomers. 
The method giving the best recovery of DNA in circular 
form was the GuHCl-chloroform-isoamyl alcohol method . The virus 
preparation in 0.15M NaCl, 0.015M sodium citrate pH 7.2 (SSC) 
was added to an equal volume of 8M GuHCl and then extracted once 
with chloroforrn-isoayml alcohol (24:1, V/V). The aqueous phase 
was layered onto a 5-20% sucrose gradient in 4M GuHCl and 
sedimented. Fig. 18a. shows a typical sedimentation pattern of 
32P labelled CELO virus after this treatment. The peak of 32 P 
radioactivity sedimented 11% faster than the 3H CELO virus DNA 
extracted by the Pronase-SDS-phenol method. Electron microscopy 
of the fractions pooled as indicated, showed that 49% of the 
molecules were relaxed circles and 51% were linear. Some 
circular molecules are shown in Fig. 19. The pooled fractions 
-rris 
were dialysed against 0.lM NaCl, 0.05M/4pH 7.2, 0.001M EDTA (STE) 
and resedimented in neutral sucrose without GuHCl (Fig. 18b); 
69% of the radioactivity sedimented as a separate peak 11% faster 
than the CELO virus DNA extracted by the Pronase-SDS-phenol 
method (CELO virus DNA). The recovery of radioactivity was 
usually 90% after GuHCl and chloroform-isoamyl alcohol treatment 
and 70% of the DNA was found in the peak that sedimented just 
ahead of the marker. The proportion of circular molecules in 
this peak varied from about 30% to 70%. Thus from 19% to 45% 
of the total DNA can be found in circular form following sedi-
mentation of GuHCl-chloroform-isoamyl alcohol treated virus. 
DNA released from two virus preparations by treatment 
with 4M GuHCl and immediately spread for electron microscopy 
showed all molecules to be linear. However, after treatment 
with chloroform-isoamyl alcohol, dialysis against STE, and 
sedimentation in sucrose gradients containing GuHCl (as above), 
60% of the molecules were circular as judged by electron micro-
scopy. It therefore seems that the DNA is released in a linear 
form and then circularised, although the conditions that favour 
circularisation have not been defined. The lengths of the 
circular forms of GuHCl extracted CELO virus DNA were determined 
by electron microscopy. Using~ Xl74 RFII as an internal 
length standard, the GuHCl extracted circular CELO virus DNA 
molecules were not detectably different in length from linear 
CELO virus DNA molecules, and the molecular weights agreed well 
with a previous estimate (Laver et al., 1971) (Fig. 20). 
Fig. 18 Sedimentation of GuHCl - chloroform isoamyl alcohol 
extrac~ed CELO virus DNA 
Sedimentation of 32 P CELO DNA prepared by the guanid-
1n1um chloride method ( •--•) with 3H linear CELO DNA 
( •···•). Sedime ntation was from right to left in these and 
all othe r gradients. (a) Sedimentation in 5% to 20% sucrose 
in 4 M guanidinium chloride, SW 25.1, 16 hr, 18,000 rpm. Peak 
32 P 6314 cpm; 3H 2545 cpm. (b) Fractions 19-24 (arrows) were 
pooled and dialyzed against STE . A sample wa s centrifuged in 
5% to 20% sucrose in STE. SW 50.1, 90 min, 45,000 rpm. Peak 
32P 159 cpm 3H 4161 cpm. (c) A similar sample was treated 
with 0.5 % SDS for 15 min at 36C before centrifugation. Peak 
32 P 418 cpm; 3H 1557 cpm. (d) A s i milar sample was treated 
with Pronase (1 mg/ml, 15 min at 36C) before centrifuging. 
Peak 32p 13279 cpm, 3H cpm, 3H 3697 cpm. 
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Fig. 19 Electron micrographs of circular GuHCl - chloroform 
isoamyl alcohol extracted CELO virus DNA 
Circular molecules of CELO virus DNA prepared by the 
guanidinium chloride method. (a), (b), (c), (d) Single 
circular molecules. (e ) A group of six molecules. ( f) A 
group of three molecules . 
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Fig. 20 Histograms of the lengths of the circular and linear 
forms of CELO virus DNA 
Histograms of the lengths of the circular and linear 
forms of CELO virus DNA. Molecular weights were calculated 
assuming that~ x RFII DNA, used as an internal standard, had 
a molecular weight of 3.4 x 10 6 . 
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3. Oligomeric Form~ 
Whe n unlabelled CELO virus was added to 32 P-labelled 
virus, to increase the concentration of circular complexes 
obtained by the GuHCl method , oligome rs of viral DNA , as well 
as monomeric circles and monomeric linears , were found by 
electron microscopy (Fig. 21) . The fi nal DNA concentration in 
this preparation was about 20 µg/ml. A similar preparation was 
found to contain 43 % circular monomers, 48 % linear monomers and 
9% oligomeric forms o f DNA immediately afte r preparation and 
did not change detectably a ft er storage in 4M GuHCl at 4C for 
three weeks. However, after dialysis against STE and storage 
at 4C for three weeks, the preparation consisted of 57% circular 
monomers, 23% linear monomers and 20% oligomeric forms. Some 
of the dimers were circular, some 8 shaped and some ' o' shaped 
(Fig. 21). All preparations contained a few 'flower' formations 
and uninterpretable tangles, but these were also seen in 
preparations of linear DNA . 
Hirokawa (1972) reported that 11 Purified 0 29 DNA has 
been conve rted from linear to circul a r, and to dimer, oligomer, 
and some novel forms . After trypsin treatment these novel 
forms disappeared". No details were published but it is likely 
that Hirokawa was seeing oligomeric forms similar to those 
reported above . 
4. The effect of proteolytic enzymes, sodium dodecyl 
sulphate, and ribonuclease on circular and oligomeric 
forms. 
~ 
As 0 29 .circular DNA (Ortin et al., 1971) and oligo-
meric DNA (Hirokawa et al ., 1972) is converted to linear DNA 
by treatment with proteolytic enzymes, and CELO virus DNA 
extracted with pronas e -SDS-phenol is linear, it was considered 
likely that the circular and oligomeric forms of CELO virus 
DNA would be sensitive to Pronase or SDS. 
Table I shows that Pronase, trypsin and a chymotrypsin 
all converted the circular forms to linear DNA molecules. 
Sodium dodecyl sulphate treatment converted approximately 90% 
of the circular forms to linears, and ribonuclease (RNA- ase) 
treatment had no effect . The effect of Pronase and SDS can be 
confirmed by sedimentation (Figs. 18 , c, d) . Oligomeric forms 
also disappeared on treatment with proteolyti c enzymes and sodium 
dodecyl sulphate. RNA-ase again had no effect. These experi-
ments show that a protein is involved in the e nd joining of the 
Fig. 21 Oligomers in CELO virus DNA prepared by the guandid-
inium qhlor~dg ~ethod. 
The histogram at the top shows the molecular 
weights of oligomers of CELO virus DNA, measured by electron 
microscopy using~ x 174 RFII DNA (3.4 x 10 6 daltons) as an 
inte rnal standard. Monomers found in the same field as apparent 
oligomers were also measured. Arrows indicate multiples of the 
ave rage molecular weight of monomers. Four of the monomers and 
2 o f the dimers were circular. (a) Electron micrograph of a 
linear dime r with a circular monomer. 
two linear and one circular monomers. 
(b) A linear trimer with 
(c) A circular dimer 
with a circular monomer. 
11 8 11 -shaped dimmers. 
( d) A 11 0 11 -shaped dimer. (e) and (f) 
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Ef ec t o Var ious Tre tments on Circular 
Adenovirus DNAa 
Experiment DNA Treatment 
d 
e 
f 
CELOg 
None 
SDSC 
Non e 
RNased 
a -Chymotrypsine 
None 
Pronasee 
50% Formamide 
0.01 M NH 40H, pHlO 
Trypsinf in 0.01 M 
NH40H, pHlO 
None 
1 Hr 37c 
DEPh 
Pronasee 
DEPh then Pronase e 
Adenovirus 2i None 
0xl74RFII1 
Pronasee 
None 
Pronasee 
% circles 
47.0 
3.0 
55.0 
58.0 
0.0 
37.0 
0.0 
33.0 
29.0 
0.0 
62.8 
64.3 
56.0 
0.0 
0.0 
47.7 
0.0 
96.2 (7.2) 
96.3 (9.7) 
a About 100 molecules were examined in the electron microscope 
after each treatment to determine the perce ntage of circles, 
except for experiment f , where about 600 were examined. 
b DNA-protein complexes prepared b y t he guanidinium chloride 
method. 
c 0.5%, 10 min, 37C . 
d 200 µg/ml , 30 min, 3 6C ; half of this amount removed 93.3 % of 
acid-soluble radioactivity from a sample of RNA under the same 
conditions. 
e 1 mg/ml , 1 hr, 36C. The pron ase used in these experiments was 
incubated at 36C for 2 hr before use, had no effect on supercoiled 
or relaxed circular duplex 0xl74RF DNA (f) , a nd no detectable 
ribonucleas e activity. 
f 100 µg/ml , 30 min , 37C . 
'l Ab LL: l ( Con t . ) 
g DNA-protein complexes prepared by tr m nt with 4 M urea , 
2M sodium perchlorate, xtraction wi h chlo o orm-isoamyl alco-
hol, nd sedim nta tion in neutral sucrose . 
h An equal volume o f a saturated solut ion of diethylpyrocar -
bonate in 0.5 M ammonium acetate was added to the DNA and left 
at room temperature overnight . This treatment made the circular 
DNA protein complexes resistant to SOS as judged by sedimentat-
ion. 
i DNA-protein complexe s made by the diethylpyrocarbonate-
detergent method. 
j The preparation consisted mainly of relaxed duplex circular 
(RFII) 0xl74DNA, but the small percentage of supercoiled 
circular molecule s (in parenthe ses) was also not reduced by the 
Pronase treatment. 
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DNA. 
Since CELO virus DA does not anneal to form circles 
or oligomers (Younghusband Bellett, 1971) and the virus 
particles could not contain oligomers of DNA, their presence in 
these preparations , their increase on storage in the absence of 
GuHCl, and the eff ct of proteolytic enzymes and SDS suggests 
that a protein can join the ends of the molecule . Either the 
more frequent circular molecule s are formed in the same way, or 
the circles are present in the virus particle and, if broken, 
can sometimes reform (or Join to the end of another molecule if 
the DNA concentration is high enough). 
5. Alkaline sucrose density gradi e nt sedime ntation of DNA 
pre pared from CELO virus by the GuHCl-chloroform-
isoamyl alcohol method (CELO virus DNA-protein complex). 
To determine whethe r one or both DNA strands in the 
DNA-protein complex could b e isolated in a covalently closed form 
after incubation in alkali, the complex wa s sedimented in alkaline 
sucrose gradients. The CELO virus DNA-protein complex usually 
sedimented about 5% fa ster than CELO virus DNA in alkaline 
sucrose density gradi e nts, with a component about 25% faster 
than CELO virus DNA (Fig. 22a). When the complex was pre-treated 
with alkali (0. lM or 0. 2M at room t emperature), the fast sedi-
menting f orms were slowly converted to material that sedimented 
with CELO virus DNA in alkaline sucrose, but this took at least 
one hour to go to completion (Fig. 22 b , c, d). Treatment of 
the complex with Pronase (Img ./ml., 15 min, 36C) before sedi-
mentation in alkali , eliminated the fast sedimenting material. 
Any fast sedimenting components that rema ined after treatme nt 
with alkali f or 15 minutes were also removed by treatment with 
Pronase, but no t by treatment with ribonuclease (200 µg /ml., 
30 minutes, 36C) . 
CELO virus DNA-protei n complex prepared by the GuHCl 
method was treated with 0.lM NaOH for 15 to 30 minutes and 
spread for electron microscopy by the formamid e technique . This 
preparation showed the presence of both s ingle stranded and 
double str nded cir~ular nd linear molec ul es and oligomers , 
some of hich were wholly o r partially single stranded (Fig. 23) 
although th m jority of molecu l es were linear single stranded 
monomers These experiments show that the DNA of the DNA-protein 
complex is r elatively res i :Jtant to d e naturation by alkali 
Fig. 22 Sedimentation of CELO virus DNA-protein complex in 
alkaline sucrose gradients 
32 P CELO DNA (e--e) extracted by the Pronase-SDS-
phenol method and 3H CELO DNA ( v--- v) extracted by the 
guanidinium chloride method were mixed and incubated in 0.2 M 
NaOH at room temperature for 0, 15, 30, and 60 min, respectively, 
and then sedimented in sucrose gradients in 0.3 M NaOH, 0.7 M 
NaCl SW 50.1, 2 hr, 45 ,000 rpm, 4C (a) No preincubation in 
alkali, peak 32 P 893 cpm, 3H 863 cpm. (b) 15 Min, peak 32P 
941 cpm, 3H 804 cpm. (c) 30 Min, peak 32 P 1004 cpm, 3H 1137 
cpm. (d) 60 Min, peak 32 P 1126 cpm, 3H 1383 cpm. 
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Fig. 23 Electron microscopy of alkali treated CELO virus DNA-
protein complex 
CELO DNA extracted by the guanidinium chloride method 
was incubated in 0.2 M NaOH for 15 min and then spread for 
electron microscopy by the formamide technique. The spreading 
solution contained 0.5 µg/ml DNA, 0.1 M Tris, pH 9, 0.01 M 
EDTA, 50% formamide, and 0.1 mg/ml cytochrome c. The hypophase 
contained 0.1 M Tris, p H9, 0.001 M EDTA, 20% formamide. The 
grids were rotary shadowed with 10 cm platinum-palladium wire 
(0.008 inch diameter) at an angle of 7°. (a) A linear dimer 
made up of a double-strande d linear monomer and a single-
stranded linear monomer. (b) A " cS"-shaped molecule made up of 
a double-stranded circular monomer and a single-stranded linear 
monome r. (c) A double-stranded circular monomer with single-
stranded molecules in the same field. (d) A single-stranded 
11
6
11
-shaped molecule with two single-stranded linear monomers. 
(e) A single-stranded linear monomer and a single-stranded 
circular monomer. 
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comp red with ronas -SDS-ph nol extr cted D , but s som 
circular and oligo1neric single and double stranded DA is still 
present after alkali treatment, it could be argued that these are 
covalently clos d DA stran s. I think it more likely, however , 
that the protein responsible for the en joining is stabilising 
the duplex DNA to den turation. 
6. Alkaline sucrose sedimentation o f CELO virus 
When a mixture of 32 P labelled CELO virus and 3tt 
labelled CELO virus DNA was sedimented in sucrose density 
gradients in 0.3M NaOH, 0.7M NaC l, the 32 P always sedimented 
ahead of the 3H DNA (Fig. 24a). The apparent sedimentation co-
efficient was variable, but usually about 1.6 times that of 
CELO virus DNA. Sometimes more than one fast peak was present. 
The fast sedimenting material was slowly converted to linear, 
monomeric, single stranded DNA when virus was left in 0.lM 
NaOH at room temperature, although some still sedimented fast 
after on e hour in alkali (Fig. 24 b,c). If the virus was pre-
treated with 0.5% SDS (15 minutes, 36C) the DNA sedimented with 
linear DA in alkali, but the DNA still sedimented fast if the 
virus was pretreated with formamide (30%, 5 minutes at room 
temperature) or Pronase (Img/ml., 15 minutes, 36C; intact CELO 
virus is resistant to Pronase digestion) (Fig. 24 d, e, £). 
There are a number of explanations for these results. 
The most likely is that the viral coat and core proteins are 
only slowly disrupted in alkali so that initially the associated 
DNA sediments rapidly into the gradient. Alternatively the DNA-
protein complex released directly into alkali is initially super-
coiled (or in some other compact form) and becomes relaxed 
during sedimentation or pre-inc ubati on in alkali. 
7 • Buoyant density of DNA-protein complexes 
i) Analytical Gradients 
To furtler characterise tle DNA-protein complex, 
its buoyant density was determined . Proteins have a lower 
density than DA in most solvents , and it was expected that a 
protein-DNA complex would have a lower density than the DNA 
alone. The densities were determined in Cscl, and to minimise 
the possibility of th viral hexon or other proteins binding non-
specific lly to DNA, GuHCl (4M) was included in the gradients. 
When CELO virus DNA w s used as a marker, it was added before 
Fig. 24 Sedimentation of CELO virus in alkaline sucrose 
gradients 
(a) 32 P CELO virus ( •--•, 1609 cpm) was mixed with 
3H linear CELO DNA ( •···• ,peak 1293 cpm) and sedimented in a 
5% to 20% sucrose gradient in 0.1 M NaOH, 0.9 NaCl. SW 50.1, 
105 min, 45,000 rpm. (b) A similar experiment; the virus was 
treated with 0.1 M NaOH for 15 min at room temperature before 
centrifugation. Peak 32 P 240 cpm, 3H 1000 cpm, SW 65, 120 min, 
50,000 rpm. (c) The virus was treated with 0.1 M NaOH for 60 
min before centrifuging. Peak 32 P 1238 cpm, 3H 7938 cpm, SW 
50.1, 90 min, 45,000 rpm. (d) The virus was treated with 30% 
formamide for 5 min at room temperature before centrifuging; 
this treatment released "cores" and DNA-protein complexes from 
the virus. Peak 32 P 913 cpm, 3H 1809 cpm, SW 50.1, 90 min, 
45,000 rpm. (e) A similar experiment, but the virus was 
treated with Pronase (1 mg/ml, 30C, 15 min) before centrifug-
ation; intact virus is not disrupted by Pronase. Peak 32p 3278 
cpm, 3H 2199 cpm, SW 65, 120 min, 45,000 rpm. (f) A similar 
experiment, but the virus was 
15 min) before centri fuging . 
SW 65, 120 mi n, 45,000 rpm. 
treated with SDS (0.5%, 36C, 
Peak 32 P 3315 cpm, 3H 1771 cpm, 
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tl virus w s di upted o el s th JJt -p otein co 1plex so 
that - ny density di[f ·rer1 _e observed must be due to protein 
speci ic lly ss ciat d with the DNA-prot in complex rele sed 
from the virus particl . 
In 4M GuHCl -CsCl, Microco~cus lysodeikticus DNA formed 
b nd at the root mean square position in analytic 1 gradi nts 
that h d - n initial density of 1.472 g/ml. determined by wei ghing 
(GuHCl lowers the d n sity of DNA in CsCl . (Hearst & Vinogr d, 
1961)). Other densities in similar gradients were calculated 
relative to this, on the assumption that GuHCl does not affect 
the distribution of Cs l; this assumption is probably justified 
over the very short radial distances involved. The DNA-protein 
complex, released from CELO virus by 4M GuHCl, formed a single 
band with a calculated density of 1. 4 6 9 g/ml. (Fig. 2 Sa) . The 
density of CELO virus DNA was approximately l.Smg ./ml . higher. 
The reality of this slight densi ty difference was confirmed by 
two observations. Firstly, when CELO virus DNA was mixed with 
DNA-protein complex and centrifuged in a GuHCl-CsCl gradient, a 
bimodal band was observed (Fig. 25bi which was wider than that 
obtained with either sample alone. Secondly, the separation 
between the bands formed by M.lysodeikticus DNA and CELO virus 
DNA-protein complex (Fig. 25d) was greater than that between M. 
lysodeikticus DNA and CELO virus DNA (Fig. 25c). 
To confirm the identity of each band , a series of 
similar GuHCl-CsCl analytical gradient centrifugations were 
performed in which the relative concentrations of the two macro -
mo 1 e <.; u 1 a r spec c s were var i d ,. In Fig . 2 6 the M . 1 y s ode i k t i c u s 
DNA is cl early the denser band when centrifuged separately with 
CELO DNA or CELO DNA-protein complex. Also , the relative 
positions of CELO DNA and CELO DNA-protein comp lex, as compared 
with the~ lysod e ikticus marker , supports the conclusion that 
th CELO virus DNA-·protein complex i s l ess dense than the CELO 
virus DNA. 
ii) Pre arative Gradient s 
The d •nsity difference detected by analytical 
centrifug tion could also be detected in preparative GuHCl-CsCl 
gradi e nts. The slight density difference between the CELO virus 
DA and the CELO virus DA-protein complex released from virus 
particles by 4M GuHCl ( ig. 27a) is reproducible . In similar 
experiments , CELO virus in 4M GuHCl Jas sedimented to equilibrium 
in GuHCl-CsCl gr dints without mark e r DNA . The fractions 
Fig. 25 I. Analytical ultracentrifuge analysis of CELO virus 
DNA-protein complex in GuHCl-CsCl gradients 
Analytical ultracentrifuge analysis of CELO virus DNA-
protein complex in GuHCl-CsCl gradients. Centrifugation was at 
25C, 44,770 rpm, 20-24 hours. Final DNA concentrations were 
1-2 µg/ml. Photographs were traced with a Joyce-Loebl micro-
densitometer. 
a. CELO virus DNA-protein complex. 
b. CELO virus DNA-protein complex and CELO virus DNA. 
c. CELO virus DNA and Micrococcus lysodeikticus DNA. 
d. CELO virus DNA-protein complex and M. lysodeikticus DNA. 
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Fig. 26 II. Analytical ultracentrifuge analysis of CELO virus 
DNA-protein complex in GuHCl-CsCl gradients 
Identification of u.v. absorbing bands. Centrifugation was as 
for Fig. 25. 
a. CELO DNA and M. lysodeikticus DNA. 
b. M. lysodeikticus DNA with twice the amount of CELO DNA used 
in a. 
c. CELO virus DNA-protein complex and M. lysodeikticus DNA. 
d. CELO virus DNA-protein complex with half the amount of 
M. lysodeikticus DNA used inc. 
a 
b 
C 
d 
containi g Ll c Dl -pio ,in cumi_.; lexes t::re f!Ooled a1 d dialys d 
against eith r 0.lM. t Cl or 4M . GuHCl . The pooled fractio1 s 
that h d been di lysed dg insL 4M. GuHCl w re r esedlmented in 
1 
a GuHCl -CsCl gr dient . Th DNA-protei11 complex was slightly 
liglter th nth CELO virus DNA (Fig. 27b). Electron microscopy 
of this mt rl 1 b~fore sedim ntation showed that the DA was 
mainly in the orm of oligomers , concatemers and circles. 
Qu ntitativ comparison of the various fo rms was difficult 
because of the frequency and length of the oligomers and concate-
mers, but 1 ss than 50% of the molecules were linear monomers. 
This preparation was also centrifuged in a 5-20% neutral sucrose 
density gradient containing 4M GuHCl. The DNA -protein complex 
sedimented as a broad peak with a mode 1.8 x faster than DNA, 
confirming the formation of oligomers (Fig. 27c). Dialysis of 
the pooled fractions against 0.lM NaCl followed by treatment 
with Pronase (Img/ml., 30 minutes , 37C) abolished the density 
difference (Fig. 27d). 
The formation of a sharp band of circular and oligo- · 
meric DNA in GuHCl-CsCl gradients , its slightly lower density 
compared with pure DNA, and the abolition of this density 
difference by Pronase, confirms the earlier conclusion that a 
protein is tightl y and s p e cifically bound to the DNA molecules 
released fro m 4M GuHCl treated virus. 
8 . Estima tion o f the amount of prote in bound to the DNA. 
i) Buoyant density . 
Assuming a linear relationship between the amount 
of pro in ssoci t c d wi tl h DNA and tl d nsity change, and 
knowing the densities of protein , DNA, and DNA-protein complex 
in a given solvent, it is possible to calculate the amount of 
protein bound to a known amount of DNA . The main uncertainty 
in this estim t , apart from inaccuracies inherent in the density 
measurements, is the v riation in the partial specific volum s , 
and hence the densities , of different. proteins in GuHCl. Also 
this value may b altered in the pre sence of CsCl. Ca lculations 
we re bas e d on the highes t and lowest values for the p artial 
specific volumes of the prot ins examined by Lee & Timasheff 
(1974) . Th d nsity of the prote in w st ken to be the 
reciprocal o f the p rtial specific volume . Accepting these 
limitations , n approxirn te value for the amount of protein bound 
tote DNA c n be arriv d at using the following equation . 
Fig. 27 Properti e s of CELO virus DNA-protein complex. 
(a) 32P labelled CELO virus DNA-protein complex and 3H 
thymidine labelled CELO virus DNA in a GuHCl-CsCl gradient, 
32 3 • ---• , P (peak 3289 cpm). D -------- D , H (peak 
1954 cpm) . 
(b) 3H-thymidine labelled DNA-protein complex peak fractions 
from a GuHCl-CsCl gradient were pooled, dialysed against 
4M GuHCl, and rerun in a GuHCl-CsCl gradient with 32P CELO 
virus DNA, • ------- • , 32P (peak, 9,744 cpm) ; • ___ • , 
3H (peak, 11,064 cpm). 
(c) 3H thymidine labelled DNA-protein complex peak fractions 
from a GuHCl-CsCl gradient were pooled, dialysed against 
4M GuHCl, and rerun in 4M GuHCl, 5-20% sucrose gradient 
with 32P CELO virus DNA. D -------- •, 32 P (peak, 3924 
cpm); •---•, 3H (peak, 2870 cpm). 
(d) Pronase treated 3H thymidine labelled CELO virus DNA-
protein complex and 32 P CELO virus DNA in a GuHCl-CsCl 
gradient. D -------- • , 32P (peak 7214 cpm). 
3H (peak, 3935 cpm). 
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NO. 
1. rotein + X. l DA 
X + I £ DA-protein c
ompl x 
where £ is ~uoy nt density in GuHCl-CsCl 
and Xis the r tio of molecular weighc of DA to that of 
protein associ ted with the DA i. e . ::w: DA protein 
substituting X, tlen 
M. 
( 9, DNA- £ com lex ) 
. pr,t in= M. W. DNA ( £ l · ) comp ex - £ protein 
if the protein density is taken as 1.35 g/ml ., then 
. 28 _3 X l06 [1 .4705 - 1.4690] M.W. protein - 1.4690 - 1.3500 
- 357,000 
if the protein density is taken 
M.W. protein - 28.3 x 10 6 
- 615,000 
as 1.40 g/ml ., then 
1 • 4 7 0 5 - 1 • 4 6 9 OJ 
1.4690 - 1.4000 
32 
( 1) 
( 2 ) 
ii) L belling of th protein of the complex with radio-
active amino acids . 
From the calculations above, the protein of interest 
represents less than 0.45% (probably between 0.2 and 0.3%) of 
the tot 1 protein of the virus, and it was therefore necessary 
to prep - re virus of high specific activity if this protein was 
to be detected . Radioactive amino acids were added to cell 
cultures at 2-4 hours and again at 18-20 hours post infection, 
in an attempt to label proteins synthesised both before and 
after commencement of viral DNA replication (early and late 
proteins). Two preparations of purified CELO virus were grown 
in tl1e presence of high specific activity tritiated amino acids 
leucine, lysine, tyrosine and arginine (2.5 ~i/ml. medium of 
each). Each of these preparations were mixed with 32 P labelled 
virus , ext r acted with GuHCl a nd chloroform iso-amyl alcohol and 
sedimented in GuHCl-sucrose density gradients. No peak of 
3H 
could be det cted in th region of the 32 P DNA-protein complex, 
although bys dimentation pattern, ad electron microscopy, 
circular and oligomeric 
of CELO virus, labelled 
k f 35s d' . pea o se imenting 
molecules had formed . Two preparations 
with 35 s methionine also showeJ no 
in tl e region of the DNA-protein complex, 
when sedimented in GuHCl-sucrose density gradients . It appeared 
that the method employing GuHCl-sucrose gradients was not 
!::>ensitiv enough to d e tecc any 3n or 35 s label that might be 
associated with the DIA. 
33 
he purifie d ELG virus tl th d been gr wn int e 
pres nee of high specific ctivity trit ated leucine, lysine, 
tyrosine, arginine, phenyl lanine, and tryptoplan (2.5 µci/ml . 
of each) was mixed with an qual volume of BM GuHCl and centri-
fuged to equilibrium n a GuHCl-CsCl gradient , most of the 
radio-activ'ty remain d t the top of tl1 gradient , but a small 
mount of 3H r dioactivity could be detected in the region of 
32 P labelled CELO DNA (Fig. 28 ) . Two such vi rus preparations 
gave the same result in tl ree separate gradients . Electron 
microscopy o f thi material showed mainly oligomeric DNA with 
about 5% of circular monomers. The bimodal peak was thought to 
result from difficulties associated with the simultaneous count-
ing of two isotopes and so to estimate the a mo unt of protein 
associated with the DNA, the 3tt virus preparations were centri-
fuged in a GuICl-CsCl gradient without a 32 P labelled CELO virus 
DNA marker. One such gradient is shown in Fig. 28b. The small 
3H peak located at the centre of the gradient represented 0.267% 
of the total radioactivity recovered Assuming equal incorpor-
ation of the radioactive amino acids into all viral proteins, 
this represents 347,000 daltons , taking the total viral protein 
as 130 x 10 6 daltons (Laver et al., 1971). This is in good 
agreement with the lower estimate obtained from the decrease in 
density in GuHCl-CsCl. 
To substantiate the result obtained with 3H amino acid 
labelling, tJo preparations of CELO virus that had incorporated 
35 s methionine, were mixed with an equal volume of BM GuHCl and 
centrifuged to equilibrium in GuHCl-CsCl gradients. One such 
gradient is shown in Fig. 28c. A small peak of 35 s radioactivity 
could be detecteJ in the region of 3H thymidine labelled CELO 
virus DNA an an estim te of the amount of protein associated 
with the DNA in this cas wtfh 180,000 daltons . The lower 
estimate in the case of 35 s methionine labelled virus may reflect 
uneven incorporation of this ami no acid into the viral proteins. 
Electron microscopy of material from fraction 18 in Fig. 28b 
and fraction 18 in Fig. 28c. showed th presence of oligomeric, 
concatemeric ard circul r molecules. 
9. Char cterisatio of tle end joining reac ion 
Th results so far leave little doubt that when DlA is 
xtracted rom CELO virus by a number of methods avoiding pro-
teolytic enzymes and sodium odecyl sulphate, circular and 
oligomeric molecules can be found . Also t ese forms are 
Fig. 28 Properties of CELO virus DNA-protein complex. Radio-
active amino acid labelled virus 
(a) 3H amino-acid labelled CELO virus DNA-protein complex and 
32P CELO virus DNA in a GuHCl-CsCl gradient. D -------- • , 
32P (peak, 631 cpm). • • • • • • • • • • •, 3H (peak, 5465 cpm); 
•---- •, 
3H counts plotted on an expanded scale (peak, 
Fr. 16, 68 cpm). 
a. 
{b) As for (~) except that 32 P CELO virus DNA was omitted. 
• · • · · · · · · · • , 
3H (peak, 43,508 cprn); • ---- •, replotted 
on an expanded scale, 3H (peak, 129 cprn). 
(c) 35 s methionine labelled CELO virus DNA-protein complex 
and 3H thyrnidine labelled virus DNA in a GuHCl-CsCl 
gradient. D -------- o , 3H (peak, 4,838 cpm) ; • ........ • , 
35 s (peak, 21,757 cpm); •-----•, 35 s replotted on an 
expanded scale (peak, 68 cpm). 
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Fig. 29 Specificity of the end-joining reaction 
32 P linear CELO DNA prepared by the Pronase--SDS-phenol 
method ( e, peak 339 cpm) was mixed with unlabelled CELO virus, 
and DNA was extracted by the guanidinium chloride method and 
dialyzed against STE. The sample was mixed with 3H linear CELO 
DNA ( 0, peak 344 cpm) and centrifuged in a sucrose gradient 
in 4 M guanidinium chloride (SW 25.1, 16 hr, 21,000 rpm). The 
32 P DNA remained linear, as judged by sedimentation, but 46% 
and 43% of the DNA in fractions 23 and 24 (arrows) was circular 
as judged by electron microscopy. 
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34 
dependent on a prot in tlat c n be detected by the effect of pro-
teolytic enzymes, ad er s in density in GuHCl-CsCl density 
gradients, and by 1 belling with radioactive amino acids . As 
has been mentioned abov , the DNA-protein complex is linear when 
released from the particle by GuHCl and probably the ends join 
when sedimented into G HCl-sucrose or GuHCl-CsCl . To test 
whether purified liner viral DNA might be circularised by some 
specific or non-specific process during extraction and sedi-
men tation , for instance by the action of a protein released into 
solution from the virus particles , the foll owing experiment was 
done. A 10 µls mple of 32 P CELO DNA was added to 0.1 ml . of 
unlabelled CELO virus (approximately 20 µg of DNA) and the 
mixture was extracted by the GuHCl method. Fig. 29 shows that 
the 32 P DNA sediments exactly with marker 3H linear DNA tl1at 
was added just before layering onto the GuHCl-sucrose gradient. 
Electron microscopy of the fraction 24 (3 fractions ahead of 
the rarker) revealed 43% c i rcular, 52% linear and 5% oligomeric 
forms . Fraction 23 (4 fractions ahead of the marker) revealed 
46% circular, 46% linear monomeric and 8% oligomeric forms . 
Routinely marker DNA was added to the virus before extraction 
in both the GuHCl-sucrose and GuHCl-CsCl methods . 
Partial denaturation,by the method of Doerfler & 
Kleinschmidt (1970~ of DNA-protein complexes isolated from a 
GuHCl-CsCl gradient, revealed that left end to right end, right 
end to right end and left end to left end joining can all occur 
(Fig. 30). The denaturation pattern of linear monomers was 
typical of that o CELO virus DNA (Younghusband & Bellett , 1972) 
with denatured regions at each end of the DNA and a prominent 
denatured bubbl from 3% to 5% from the 11 r ight
11 (AT rich) end . 
The 1 6 1 shaped molecules described previously were seen to be 
end interactions, indeed few inte rmolecular interactions other 
than end interactions were seen in an extensive search. Many 
of the en inter ctions seemed to involve only one strand from 
each particlly denatured mol cule , the other s trand giving a 
single stranded whisker. As the denaturation method involves 
heating in 12% formaldehyde , the possibility remains that some 
of the end interactio11s were artifacts produced by formaldehyde 
crosslinking. However, as there was no noticeable increase in 
oligomers after form ld hyde treatment, the end interactions 
observed probably existed before treatment. 
The possibilicy exists that, even though left-hand end 
Fig. 30 Ele ctron micrographs of partially denatured CELO virus 
DNA-protein complexes. 
The complexe s in O.OlM phosphate buffer Ph 7.0 were heated to 
56C for 10 minutes in the presence of 12% formaldehyde, spread 
by the aqueous technique, and stained with uranyl acetate. The 
arrows indicate end interactions. The right and left ends of 
the monomers are represented by "R" and "L" respectively. The 
length of a monomer is 8.3 x that of a ~Xl74 RFII DNA molecule. 
(a) A circular monomer. 
(b) A linear dimer joined left end to right end. 
(c) A 11 6 11 shaped molecule consisting of a circular monomer 
to which a linear molecule is joined by its right end 
( d) A linear dimer joined right end to right end 
( e) A linear dimer joined left end to left end with another 
molecul e joine d by its left end at the same site. 
(f) A complex oligomer showing many end interactions. 
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nd right - 1 · nd e nd joi n i g occ ur s , s t · n po l - r ity i s rn int i ne . 
This has not be~ n t es t ed . The f ct t h t th joining r a c t ion 
involves e nd s only, suggests that he prote in involve in joining 
is present o n l y at the end s and f rom the e xperime nt depict d in 
Fig . 29 only ends having prote i n c n be involve d . Thus 
protein mol e cul must e xist teach e nd o f the DA. 
10. Possibl e Role in DNA Re plicatio n 
Experiments described so far show that a protein that 
is tightly bound to the DNA exists in the CELO virus particle 
and can Join the ends of the DNA. Experiments reported below 
suggest that this protein is involved in DNA replication. 
Cells were incubated with tritiated thymidine (100 µCi/ 
ml.) for 15 minutes to 30 minutes at 20 hours after inoculation 
with 10 p. f .u./cell of CELO virus. At the end of the 3H labelling 
period, the cells were washed with ice-cold phosphate buffered 
saline , an lysed with 0.3 ml . 1% sodium deoxycholate and 0.2 ml . 
of 6M GuHCl per monolayer. Afte r 30 minutes at 4C, the samples 
were extracted once with chloroform-isoayml alcohol (24:1 v/v) 
and dialysed for 5 minutes to 10 minutes . They were then mixed 
with 32 P 1 belled CELO virus DNA , layered on 5% to 20% sucrose 
gradients prepared in 4M GuHCl and centrifuged for 16 hours at 
18,000 rpm in the Spinco SW 25.1 rotor. 0.75 ml. fractions were 
collected and acid insoluble radioactivity was determined in 
0.1 ml. of each. The peak of the replicating DNA in both samples 
had sedimented about 10% faster than 32 P CELO virus DNA and 
there was a lso a large amount of faster sedimenting material 
(Fig. 31a). The sedimentation patte rn of the peak was very 
similar to tl at of the circular DNA-protein complex from virus 
particles (Fig. 18a). When samples were sedimented in alkaline 
sucrose density gradients (5% to 20%, 0.lM NaOH , 0.9M NaCl, SW 
50.1, 1 hour, 45,000 rpm), most of the replicating DNA sedimented 
at the same rate as or slower than the strands of mature viral 
DNA, but some sedimented faster (Fig. 31b). This again 1s 
consistent with the properties of the DNA-protein complex; 
material sedimenting faster than viral DNA in alkali has not been 
found in r e plicating DNA extracted with pronase and SDS or with 
alkali and SOS (Bellett & Younghusband , 1972) . 
The peak of replicating DNA (prepared as above) from 
another GuHCl-sucrose gradient (Fig. 31c) shows a similar sedi-
mentation pattern . Fractions containing DNA that sedimented 11% 
to 80 % faster than marker DNA were pooled and dialysed against 
Fig. 31 Sedimentation of GuHCl extracted replicating DNA. 
(a) Infected cells were labelled with 3H thymidine for 30 min-
utes and lysed in 4M GuHCl, 0.3% deoxycholate. The sample 
was extracted with chloroform-isoamyl alcohol (24:1), 
mixed with 32 P viral DNA ( • ------ • ) , and sedimented in 
a 5% to 20% sucrose gradient containing 4M GuHCl (SW 25 . 1, 
16 hours, 18,000 rpm). Sedimentation right to left, results 
expressed as fractions of peak counts (3H 2020 cpm, 32P 
1469 cpm). 
(b) Part of the sample shown in (a) was sedimented in an 
alkaline sucrose gradient (0.lM NaOH 0.9M NaCl, SW 50.1, 
l hour, 45,000 rpm). Peak 3tt 1280 cpm, 32 P 794 cpm. 
(c) A similar experime nt to (a), but the labelling time was 20 
minutes. Fractions 22 to 30 were pooled and dialysed 
against 0.lM NaCl, 0.05M Tris pH7.2, 0.001M EDTA. Peak 3tt 
1075 cpm, 32 P 314 cpm. 
(d) Part of the sample from (c) was treated with Pronase. 
(1 mg/ml, 30 minutes at 37C; the Pronase was incubated at 
56° for 2 hours before us e ) and centrifuged in GuHCl-
sucrose gradient. Peak 3H 90 cpm, 32 P 2623 cpm. 
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m terial 11% to 72% faste han CELO virus DA . However , when a 
sampl wa s tre t d ,ith Pronas (DNA - s free , Img/ml ., 37C , 
30 minutes) a nd then ::ieulrn n e , the peak coincided ith CELO 
virus DNA nd h d sloul er o 
(Fig. 31d). This s dimentatio1 
fast · r s dimenting material 
patt rn is similar to that fo und 
in r ep lica ting DNA extracted with Prunase , SOS and p henol 
(Bell e tt & Yo unghusband , 1972) . 
B. A DNA-protein complex from Adenovirus 2. 
1. Introduction 
CELO virus reserr~les the human adenoviruses morpholog-
ically, conta i n s proteins that migrate similarly on polyacry-
lamide gels (Laver et al., 1971) and contains a DNA with 
similar properties (Younghusba nd & Bellett, 1971). However, 
it is not serologically related (Potte r & Oxford, 1969; Potter 
1 
et al., 197&) and its DNA is about 20 % longer than that of the 
human adenoviruses (Laver e t al ., 1971). Conceivably the 
propertie s of CELO virus described in the p receeding chapter may 
not apply to the hum n ade noviruses. Adenov irus type 2 (Ad2) 
was chosen as a r ep re sentat ive of the human ade novirus group, 
to test whether it contained a similar DNA-protein complex . 
2. Extraction o f circular DNA from Ade novirus 2 Particles 
Fig . 32 shows the sedimenta t ion of Ad2 DNA extracted 
from the virus p a rticles by the diethy l-pyrocarbonate detergent 
method (s ee Chapter IV). CELO virus DNA was used as a marker. 
It can be seen t tat DNA extracted b y t he detergent method 
sedim nts with CELO DNA (Fig . 32b) and circular molecules could 
be found by electron microscopy , in Fr . 28. Pronase-SDS-phenol 
extracted Ad 2 DNA sediments more slowly than CELO virus DNA 
(Fig. 32a) a s expected. Some circular molecules are shown in 
Fig. 32 c, d , e , f . anc their lengths compared with linear Ad2 
DNA obtain d by tl e Pronase-SDS-phenol method (Ad 2 DNA) are 
shown in Fig . 33. In these length measureme nts ,~ Xl74 RFII 
DNA was u sed as an internal length st a ndard. I t can be seen 
that the circular A 2 DL A is t he same length as linear Ad2 DNA. 
Tabl e 1 s hows that when the Ad2 circ ular molecules were incubated 
in Pronas e , all were converted to l inear molecules . 
Fig. 32 Sedimentation and electron microscopy of circular 
Adenovirus 2 DNA 
(a) Linear 3H-CELO virus DNA ( v--- 'v , peak 2884 cpm) 
sedimented 11% faster than linear (SDS-Pronase-phenol extracted) 
32P adenovirus 2 DNA ( •--e, peak 613 cpm). SW 25.1, 16.5 hr, 
21,000 rpm. (b) 32P-Adenovirus 2 DNA ( •--• , peak 912 cpm) 
prepared by the diethylpyrocarbonate detergent method sedimented 
at the same rate as 3H linear CELO DNA ( " --- 'v , peak 2963 
cpm). SW 50.1, 1.5 hr, 45,000 rpm. (c), (d), (e), (f) Circular 
adenovirus 2 DNA molecules prepared by the diethylpyrocarbonate-
detergent method . (c) and (d) Shadowed with platinum-palladium 
(80:20), the small circles are ~xl74 RFII DNA. (e) and (f) 
Stained with uranyl acetate . 
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Fig. 33 Histograms of the l e ngth of circular and linear forms 
of Ad2 DNA. 
Molecular weights were calculated assuming ¢Xl74 RFII DNA, used 
as an internal standard, had a molecular weight of 3.4 x 10 6 . 
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j . f 0111 t In~ VlJ us c1 Licl 
h 1 Ad2 p rticl s w re mixed ith an equ 1 volume of 
BM GuHCl n cent ifuyec 1n uHCl-CsCl i1 the analytic l ultr -
centri f u g s dt.:: c ibe for CELO vi us , sli rp u . v . bsorption 
band was oL~erv d (Fig . 34a) . Wlen 2 virus was centrifuged 
i n a s i mi 1 - man er w i t J J i1 i c L' o co cc u s 1 y s o d e i k t i c u s D A , t. o u . v . 
ab sorption pe ks wer oLs rv~d (Fig. 34d). As the buoyant 
density of M. lyso cikticus DtA in GuHCl-CsCl gradients is 
1. 4 720 g/ml ., it was calculated that the D A released from Ad2 
in the s ame so lut ion h d a buoyant de n sity o f 1.4671 g/ml. 
Similarly when Ad2 DNA was mixed with M. lysodeikticus DNA and 
centrifuged in GuHCl-CsCl, the buoyant density of the Ad2 DNA 
was 1.4695 g/ml . (Fig 34c). When solutions containing Ad2 
virus and Ad2 DNA were mixed togeth r , an equal volume of BM 
GuHCl added, and the mixtur e centri fuged as above, a broad u.v. 
absorbing band with a shoulder could be see n (Fig . 34b) . The 
expected difference of 2 .4 mg/ml. between the two components 
could not be clearly resolved . To confirm the identity of each 
band, a series of similar GuHCl -CsCl analytical gradient centri-
fugations were perfo me in which t he relative concentrations of 
the two macromolecular species were varied. Fig . 35 shows that 
M. lysod eikticus DA is clearly the denser component when centri-
fuged with either Ad2 DA or Ad 2 vir us . Al so the relative 
positions of the Ad 2 DNA and the Ad2 DNA-protein complex,as 
compared to M. lysodeikticus DNA,confirms that Ad2 DNA-protein 
complex is } _s d n se than Ad2 DNA. 
4. Estim tion of the mount of pro tein bound to the GuHCl 
extracted Ad2 DNA 
A similar calculation to that applied to the CELO 
virus o · -protein complex car1 be made to estimate the amount of 
prot e in bound to tle Ad2 DA fter extraction with GuHCl . A 
linear rel t1onship between the amount of protein associated 
with the DA and the density change was assumed . Then :-
if the protein density is 1.35 g/ml. 
Daltons protein - 23.0 x 106 (l . 4 695 - 1 - 4671 ) (1.46 71-1 .3500) 
- 471,000 
and if t he protein de s · ty i~ 1 .40 g/ml. 
Daltons pro in - 23 O x 106 (l. 4695 - 1 · 4671 ) 
· (1.46 71-1 .4000) 
- 822,000 
Fig. 34 Analytical ultracentrifuge analysis of Ad 2 DNA-protein 
complex in GuHCl-CsCl gradients. 
a. Ad2 DNA-protein complex. 
b. Ad2 DNA-protein complex and Ad2 DNA. 
c. Ad2 DNA and M. lysodeikticus DNA. 
d. Ad2 DNA-protein complex and M. lysodeikticus DNA. 
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Fig. 35 Analytical ultracentrifuge analysis of Ad2 DNA-protein 
complex in GuHCl-CsCl gradients. 
Identification of u.v. absorbing bands. Centrifugation was as 
for Fig. 25. 
a. Ad2 and M. lysodeikticus DNA. 
b. Ad2 DNA and half the concentration of M. lysodeikticus 
DNA used in a. 
c. Ad2 DNA-protein complex and M. lysodeikticus DNA. 
d. Ad2 DNA-protein complex and half the concentration of 
M. lysodeikticus DNA used inc. 
a 
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Pr pr tive GuHCl-CsCl gradients also showed that the 
DNA released f om Ad2 virus by 4M GuHCl w s less dense than Ad2 
DNA (Fig. 36). Similar gradients containing 3H Ad2 virus with-
out Ad2 DNA m rker were centrifuged and circular , concatemeric, 
and oligomeric forms coul be seen by electron microscopy of 
the 3H peak fraction . Examples of these molecules are shown in 
Fig . 37 and also a histogram of the lengths of concatemeric mole-
cules is shown. Monomer~ in the same field as concatemers were 
also measured. All th_se forms were converted to monomeric 
linear molecules on tre tment with Pronase . 
These experiments show that a DNA-protein complex 
similar to that isolated from CELO virus can be isolated from 
the human adenovirus type 2. Time has not permitted a more 
detailed nalysis of the Ad2 complex, but it is likely that 
further work\ ill reveal other similarities between it and the 
CELO virus DNA-protein complex. 
C. Pro erties of the Sin le Strands of CELO virus DNA 
1. Introduction 
An inverted terminal repetition has been reported for 
adenovirus types 1, 2, 3, 7, 18 and 31 (Garon e t al., 1972; 
Wolfson & Dressler, 1972) and also for the plus and minus strands 
of adeno associated virus 2 (AAV-2) DNA (Koczot et al., 197 3 ). 
The inverted terminal repetition in human adenovirus DNA was 
detected by annealing the denatured DNA at low concentrations in 
50% formamid . Under these conditions , duplex formation was 
minimal and it was found that the single strands form circles 
that could be detected by electron microscopy. The plus and 
minus strands of AAV-2 DNA form single strand circles as well 
as concatemers when nnealed separately. 
CELO virus DN resembles the human adenovirus DNAs in 
that it is a lin r d uplex DNA in which nej_ther T7-like terminal 
repetitions nor complementary single-stranded ends can be 
demonstrated, and the molecules are not circularly permuted 
(Laver et al., 1971; Younghusband & Bellett , 1971; Younghusband 
& Bellett, 1972). The work reported here \as initiated to test 
whether CELO virus DNA ontained inverted terminal repetitions. 
nother prop rty o CELO virus DNA that was tested, 
was whether th cornple1 e1 tary strands could be sep rated pre-
Fig. 36 Ad2 DNA-protein complex in a GuHCl-CsCl gradient. 
lNA 50 µl 3H thymidine labelled Ad2 and 50 µl 32 P labelled Ad2 ,. were 
added to 100 µl 8M GuHCl in STE, layered onto a 4.8 ml GuHCl-
CsCl solution, and centrifuged for 48 hours in a Spinco SW 65L 
rotor at 40,000 rpm. and 25C. 45 fractions were collected and 
counted. • ---• , 32 P (peak 1,969 cpm); • --- • , 3H (peak), 
12, 304 cpm) . 
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Fig. 37 Oligomers of Ad2 DNA prepared in GuHCl-CsCl gradients. 
The histogram at the top shows the molecular weights of Ad2 DNA 
measured by electron microscopy using 0Xl74 RFII DNA (3.4 x 
10 6 daltons) as an internal standard. Arrows indicate multiples 
of the average molecular weight of monomers. Fields were 
selected to contain oligomers, but all interpretable molecules 
in those fields were measured. 
a. Electron micrograph of a linear trimer. 
b. A linear dimer. 
c. A ' 6 ' shaped molecule. 
d. A circular monomer. 
e. A circular dimer. 
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p rati v ly . T1 e p..ct::pc1rati ve separ tion of the com lem nt ry 
trands of lum n aden virus type 2 a1 d type 7 (Lan graf-Leurs & 
Gr e n , 1 9 7 1 ; T i b b . ts e t 1 . 1 19 7 4) a 1 d ad en o vi r us type 5 ( Sus sen -
bach e t a 1 . , 19 7 3) l been reported . 1'he compl 1en t ry strands 
of adenovirus types 2 nd 7 Jere sep · rated by nnealing the d n t-
ur e d DNA with as ut e tlc ribopolym r poly (U , G ) nd th n 
centrifuginy n CsCl <Jradie ts in fixed ngle roto . 'I'his 
procedure is commonly e 1 loyed in the separ tion of the comple-
me nt ry strands of some bacteriophage DNA s (Szybalski et al., 
1971). Separation o f the strands o f AdS was achieved by taking 
advantage of a slight density diffe rence (5 mg/ml .) between 
the complementary strands in alkaline CsCl. In an alkaline CsCl 
preparative gradient, a portion of the most dense and the light-
est regions of the main u . v. absorbing band of AdS DNA were 
recentri fu g ed separately in alkaline CsCl. The light and dense 
regions of the resulting bands were again centrifuged separately. 
This procedure was repeated until the dense and light preparat-
ions formed duplex material whe n annealed together and not when 
annealed se_arately . 
The ribopolymer binding method was chosen as a method 
to attempt separation o f the complementary strands of CELO virus 
DNA as the strands showed no detectable densi ty difference in 
alkaline CsCl. The technique appli ed to Ad5 DNA also appeared 
tedious and more likely to result in fragmented strands. 
2. Formation of single-strand circles 
Up to 70% of the sing le strands of CELO virus DNA 
(5 µ g/ml. in STE) formed circles visible in the electron micro-
scope when incubated at 37C for 15 minutes (Fig . 38a). Length 
measurem _nts (Fig . 38b) of li n e ar and circular single stranded 
molecules sho, that circles are of uniform length , but the mean 
length is slightly shorter than that o f linears. ~ Xl74 DNA 
w s add d as an internal length standard. The length diffe rence 
observed may have been due lo a difference in the way circular 
molecule s beh vein the cytochrome C film , as compared with 
linear mol cules, rather than a real difference in length. Only 
molecules a ove 8 x 10 6 d lton s were included in t he calculation 
of the mean le gth of linear mo l ecules. Both linear and circular 
for ms ha d a mo 1 e cu 1 a 1 e j g ht o £ about 1 3 x l O 
6 
. This i s l . 2 x 
106 dalto s less Lha xpected from the 1olecular weigh t (28.3 
x 10 6 ) of the dupl x CLO virus DA calculated using~ Xl74 RF 
II molecul s as an intern - 1 length st ndard. This result was 
Fig. 38 Circular forms of single strand CELO virus DNA. 
a. Typical circular forms of single strand CELO virus DNA seen 
after annealing as described in Chapter IV. Samples for 
electron microscopy (0.5 µg DNA/ml) were spread in 50% 
formamide onto a 20% formamide hypophase. The grids were 
rotary shadowed with Pt:Pd (80:20) at an angle of 7°. 
b. Histograms of length measurements of single strand circular 
and linear molecules of CELO virus DNA. ~Xl74 DNA (1.7 x 
10 6 Daltons) was used as an internal length standard. 
Measurements were made from electron micrographs as 
described in Chapter 4. 
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3. dL lex CELO virus 
CELO virus DA w s digest -~ by exonucleas III nd 
the number o str nds able to form single strand circles a ter 
denaturat ion nd an e ling s estimctted . In threes prate 
experiments (Fig . 39) 1 cir le f ormation w s unaffected after 60 
nucl e otides h d been lljmoved , and abolished after 180 nucleotides 
had been removed from each 3 ' e nd. From the curve in Fig. 39, 
50% reduction in circle formati on corresponded to an average 
length o f 110 nucleotides removed from each 3 ' end. 
To exclude the possibility that the result was due to 
an endonuclease activity during digestion ,¢ Xl74 RFI DNA was 
mixed with a p o rtion of the digestion mixture (containing an 
equivalent amount o f CELO virus DNA) from o ne of the experiments 
(closed squares in Fig . 39) . fter incubation at 37C for 60 
minutes, 14% of the¢ Xl74 RF I DNA molec u les were converted to 
¢ Xl74 RF II mo lecules as determined by electron microscopy. 
This is equivalent to a maximum of one nick per 10 duplex CELO 
DNA molecules per 5 minutes . Und er e quivalent conditions , CELO 
virus DNA circle formation ~as aboli s hed after 5 minutes 
digestion. Nicki n g would lave contributed a maximum of 5% 
r e duction i n circle formation in thi s time. Thus the formation 
of single st and circles depend s on a sequence with an approx-
imate leng th of 110 nucleotides at the 3 1 ends of the intact 
ingle strands of th e DtA. 
Wh e ther or not the complenent ry sequence involved 
extends to th ends o f the DNA was not tested . 
4. Anal tical Strands_ aration 
Fig . 40 sho · s an ultraviolet ab sorption profile of a 
typi ca l analytical CsCl gradient of CELO viru DNA afte r it was 
denatured and annealed ith poly (U , G) at a DNA: poly (U, G) 
ratio of 1:1 or 1:2 (w/1 ) The major bands of density 1,766 g/ml. 
and 1 .78 g/ml. ere assum d to represent the complementary 
strand s complexed with poly (U, G). A 1 4 -15 mg/ml . separation 
b e tw e n tl1e two lJ nds as achieved out~Ln ly. 
5. Pre arative se aration u CELO virus DNA strands 
The A260 ab:::. rptiJn profile o prepar tive CsCl 
gradi e nt of denatured CELO virus DIA anrealed with poly (U, G) 
Fig. 39 Exonuclease III Digestion of CELO virus DNA and its 
effect on single strand circle formation. 
CELO virus DNA (10 µg/ml) was digested with exonuclease III and 
at various times samples were removed for electron microscopy 
and acid soluble radioactivity (from which the number of nucleo-
tides removed from each 3' end of the DNA was calculated). The 
samples for electron microscopy were denatured and annealed and 
the proportion of circles to linears assessed by counting 100 
molecules at random. The circle formation was expressed as a 
perce ntage of the proportion of circles formed by untreated 
DNA under the same conditions. In the three experiments shown 
the proportion of circles formed without digestion was 48% ( • ) , 4 2 % ( T ) , and 5 0 % ( • ) . 
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Fig. 40 CELO virus DNA - Analytical strand seEaration 
CELO virus DNA was denatured with alkali, neutralized, and mixed 
with poly (U, G). To the mixture was added Micrococcus 
lysodeikticus DNA (density 1. 731 g/ml) and CsCl to a final 
density of 1.755 gm/ml. A tracing of a u.v. photograph from 
the spinco model E analytical ultracentrifuge is shown. 
Centrifugation was at 44,770 rpm for 24 hours at 25C. The bands 
shown at 1.766 g/ml and 1.781 g/ml represent the Land H bands 
respectively. 
1 · 731 
I 
I 
' 
41 
is shown in ig. 41 . r.cl12 H nd L uands rorn two such gradients 
were sep rat as indict~ and the pooled H b nds nd the pooled 
L bands again centrifuged in csCl as described in Chapter IV. 
The A 260 a sorption rofiles of these gradients ares own in 
Fig. 41 b , c . Te tractions corresponding to the Hand L bands 
were collected as indicated. 
An n lytic 1 ultracentri uge ultraviolet (u . v.) 
absorption profile of t11e p eparative g adient Fig . 41a. is 
shown with anJ wit out den3ity marker in Fig . 42 a , b . 
Similarly, Figs. 42 c, d . and 42 e , f. are analytical ultra-
centrifuge u.v . absorption profiles of the Land H bands collected 
from the pr p rative gradients shown in Fig . 41 b, c. The band 
of density 1.765 g/ml. in Fig. 42 d. corresponds to the L band 
in Fig. 41c and the band of density 1 .7 79 g/ml . to the H band. 
As can be seen , purification of the Land H bands in CsCl gave 
an L band free from contaminating H band and an H band free from 
contaminating L band . A third u.v. absorbing band could be seen 
in the analytical gradient (Fig . 40)at a density o f approximately 
1.748 g/ml. This band probably corresponds to the band seen in 
fractions 50 -53 in Fig. 41a. and again fractions 28-38 in Fig. 
41c. A small amount (less than 5% of the main band) of a con-
taminating b· 1d (P band) can be seen in Fig . 42d . to the lighter 
side of the main L band. The nature of the P band was not 
investigated here but Tibbetts et al. (1974) reported that a 
similar band ppeared when separating the strands o f Ad2 DNA 
with poly (U, G). This P band f ormed duplex DNA when the poly 
(U, G) was removed nd he sample annealeu A peak resembling 
the P band can be seen in the analytical gradient of Ad2-poly 
(U, G) complexe s described by Landgraf-Leurs & Green (1971) but 
they did not report any roblern arising from such a band. If 
the amount of ELO virus DNA was gre tr than 20 µ g/ml. in the 
preparative gradients, the mount of u .v . absorbing material in 
the P band could almost obscure the L band in some preparations . 
In a fur her seri s of analytical ultracentrifuge experiments , 
the Hand Lb nds w re sho n to correspond to the complementary 
strands of th DNA (complex d with poly (U,G)). Poly (U, G) was 
removed from th Hand L bands by incut tion in alkali . Fig. 43 
shows that wh n nn aled, th L band material has a density of 
1.729 g/ml. in CsCl (Fig. 43b) and no duplex DNA of density 
1.713 g/ml. could b detect d (Fig. 43 ) . Similarly , the annealed 
Fig. 41 CELO virus DNA - Preparative Strand Separation 
Gilford recording spectrophotometer tracings of preparative CsCl 
gradients containing the strands of CELO virus DNA complexed 
with Poly (U, G). The optical density (A260) values given are 
from the 2 mm light path flow cell. 
(a) CELO virus DNA was denatured, complexed with Poly (U, G) 
and centrifuged as described in Materials and Methods. The 
fractions representing the Hand L bands from two such gradients 
were collected as indicated by arrows and separately centrifuged 
in CsCl (b, c). The fractions containing the purified Hand 
the purified L bands were collected as indicated by arrows. 
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Fig. 42 CELO virus DNA - Preparative strand separation 
Tracings of u.v. photographs taken in the Spinco Model E 
analytical ultracentrifuge. All centrifugations were at 
44,770 rpm, 25C, for 20-24 hr. 
a. A portion of the preparative gradient (Fig. 41,a) in 
CsCl. 
c. The purified L band in CsCl. 
e. The purified H band in CsCl. 
b, d, fare the gradients a, c and e respectively with 
M. lysodeikticus DNA (density 1.731 gm/ml) added as a density 
marker. 
The calculated densities of the other bands are given in g/ml. 
a b 
C d 
e f 
1· 73 1 
1 · 765 
I 1 -r19 
1·761 
I 
1 · 77~ 
I 
Fig. 43 CELO virus DNA - Preparative strand separation 
Tracings of u.v. photographs taken in the Spinco Model E 
analytical ultracentrifuge. All centrifugations were as 
described in the legend to Fig.42. 
a. The L band after removal of Poly (U, G), annealing and 
centrifugation in CsCl. 
c. The H band after removal of Poly (U, G), annealing and 
centrifugation in CsCl. 
e. The H band and the L bands after removal of Poly (U, G) 
annealing together, and centrifugation in CsCl. 
b, dare the gradients a, c respectively with native CELO 
virus DNA (density 1.713 gm/ml) added as a density marker. 
~ 
g. is the gradient e. with M. lysodeikticus DNA added as 
a density marker. 
The calculated densities are given in g/ml. 
a b 
C d 
f 
e 
1 · 713 
I 
1 ·729 
I 
1 · 726 
I 
1 · 716 
1 · 7 31 
I 
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H and m le icll h d dL::nsLty of 1 . 7 ,) ::1/ml . 1n CsCl (Fig . 43 .) 
and no d e t ct ble dupl x rn lerial of d nsity 1.713 g/ml . could be 
seen (Fig. 4 3c .). Den, tu ed CELO DA h sad nsity of 1.728 g/ml . 
in CsCl. Wl 1 e uimol · r - mounts of the II and L b nd materi 1 
were nn led tog th .:. r, single p ak o[ duplex DA (d nsity 
l . 7 16 g /ml . ) s ob ta l l c d ( F i g . 4 3 · , t . ) . 'l, he s l i g ht l y hi g her 
d e nsity o tL L: re- nne: 1 .d tr ands comp ed wi. th n - ti ve CELO 
virus DNA ( · nsity 1 . 713 9/1111.) was p olJdbly due to imperfect 
nnealing o fragmented str nds . 
6. Integri ty of these r ted strands 
Elect o n microscopy of the self annealed H strand 
revealed 40% ci rcu l r, 58% linear and 2% oligomeric molecules. 
Similarly, 56% of the L s trand molec ules were circular, 46% 
linear and 3% ol igomeric. Thus at least 40 % of the H strand 
molecules and 56% of the L strand molecules we re intact. In this 
preparation 12.5% of the initia l dupl ex DNA was recovered as 
separated complementary strand. 
CHAPTER 3 
DISCUSS ION 
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Di CUSSlOD 
The L:: 
- d r s l j t t 1 e do u tJ t t when CELO virus DA 
is extracte fr m le virus particl , by m hods avoiding pro-
teolytic 
faun - by 
nz mes 
se 
r J SU..,, 
ion n 
ci \..,ul - r rd oligom1::;ric Dr A can be 
1::;l~c tron micLoscopy . The circular 
and oligom ric DNA forms re ~Ln ant on a protein , a s deter-
mined by th jr sensitivi y to proteolytic e n zymes and SOS and 
,. 
resemble the D A-prot~in complex isol ed from¢ 29 by Ortin 
e t al . (1971 ). ~he pees nc of a protein in the CELO virus 
complex can also be det - cted by a decreased density in GuHCl-
CsCl,as compared with CELO viru s DNA,and by the incorporation of 
3H amino a cids and 35 s methion i ne. From these experiments the 
amount of prote i n associat d Ji th the DNA is in the range of 
180,000 to 500,000 daltons but the inefficiency of in vivo 
labelling, and the small amount of pro ein involved , has 
hindered further investiga ion of i ts propercies . Attempts are 
now being made to lab 1 the protein in vitro using 3H labelled 
fluorodinitrob nzene and 125 r . 
The human adenovi us typ ·-'. 2 (Ad2) contains a similar 
DNA-protein comJlex. :ircul r forms can be isolated by extract-
ing the DNA with diethylpryocarbonate followed by deoxycholate 
and SDS, and centrifuging on a 5-20 % sucrose g radient and pre-
liminary experiments show t hat circular a nd oligomeric forms 
can be obtained by treati ng particles with 4M GuHCl, extracting 
with chloro for1n isoamyl · lcohol and centrifuging in 4M GuHCl-
sucrose density gradients. Similarly in 4M GuHCl - CsCl densi ty 
9 r a i e n t · , c i 1. c u 1 r:· LL 1 1 tJ u 1 i g, .i me r i c f o r: m Ll c a ri be found . Fur t h e r , 
the presence of a protei1 speci fically bound to the Ad 2 DNA can 
be detec ed by analytical ultrccentrifug~tion in 4M GuHCl-CsCl 
s the DNA xt.cacted rront the v irus by 4M GuHCl has a lower 
d ns i ty in 4M G1 IIC 1--c~c 1 thJ.n the Pronas _-S OS-phenol extracted 
Ad2 DNA. All circul~r and oligomeric forms isolated by these 
me tl ads re Pro1 se sen itiv ~ and f om the decrease in densi ty 
of the Ad2 IN -protein cu1npl - x in GuHCl-CsCl it can be calculated 
that bet~e n 70,000 ~ 1d BOU , 000 daltons of protein are as socia ted 
with the Ad DA. 
F1 on e .pr.:r imcnts \'/l th the ~ELCJ v 1rus DNA-protein 
complex, it is predict~d th t th re is - protein on both e1ds 
of the Dl A , \Jhicl ir.eu1 s -c h-:t t Lhere a.c · - t least two polypeptide 
C ln . -15 , 000 dalton s - nd 800 , 000 
d lton s r correct 1..l 1::, probable tI-at sE:veral p lypeptide 
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chains are pres nt at ach e:n of the D · • 
The proteins re bound strongly to the DNA and are not 
removed after tre tment with vari ty of protein denaturants, 
which suggests that the binding is unlikely to be dependant on 
the native structure o the protein . In corcentrated solutions 
of GuHCl, proteins lose all non-covalent bonds (Tanford, 1968) 
and the finding that circular and oligomeric DNA is seen after 
exposure of the CELO virus to saturated GuHCl, means the protein 
is still attached to the DA after this rigorous treatment. The 
relative stability of the DNA in the CELO virus DNA-protein 
complex to denaturation in alkali, as compared to Pronase-SDS-
phenol extracted DNA, is further evidence of a strong association 
of the protein with the DNA. In this respect the complex 
... 
resembles the complex from¢ 29 (Ortin e t al., 1971) and there 
is some evidence that¢ 105 and SPO2 bacteriophages contain a 
similar alkali resistant DNA-protein complex. Chow et al. (1972) 
could succeed in forming only 0.1% to 0.4% heteroduplexes 
between the DNAs of¢ 105 and SPO2 when using the method of 
Davis et al. (1971). This method involves lysing a mixture of 
the two phag sin alkali, neutralisatior1, and annealing in a 
formamide solution. From the homology between the two DNAs, 
Chow et al. predicted that at least 5% heteroduplexes should have 
formed under these conditions. Apart from the small number of 
heteroduplexes found, most of the molecules were homoduplexes, 
a few were single strands, and some had a single stranded end 
and a duplex end. Such a situation could arise if there was a 
protein tightly bound to the ends o f the DNA, preventing complete 
denaturation. Similarly the same workers could not separate the 
complementary strands of the DNAs by the method of Davis & Hyman 
(1971) which involves alkali lysis of phage, followed by 
neutralisation, addition of poly (U, G) and centrifugation in a 
CsCl gradient. This may h ve been due to a protein bound to 
the ends of the DNA, preventing separation of the strands, 
although no det ils o the attempted separation were given. 
Such tight binding of the protein to the DNA in the 
adenovirus complexes could be explained if there was a covalent 
bond between protein and DA. Two prellmi1ary experiments with 
CELO virus supp rt this id a In the first experiment , a sample 
of the 3tt mino acid 1 belled CELO virus DNA-protein complex 
containing 400 c.p.m., shown · n Fig. 28b in Chapter 2, was 
boiled in 0.5% SDS, 2.5% me captoeth nol for five minutes and 
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electrophoresed on poly cryl~mide gel . A sample of 3H amino 
acid labelled CELO virus, tr ated simil rly , showed the pattern 
of hexon, penton , penton fibre , and internal protein peaks 
described by Laver et 1 . (1971) , which is a pattern similar to 
that produced by the pol peptides o f the human adenoviruses 
(Maizel et al . ✓ 1968). In contras t the 3H radioactivity in the 
gel containing the DNA-protein complex remained at the origin, 
even though the bromophe nol blue marker dye had migrated the 
same distance as dye in the gel containing the 3H labelled virus. 
This result could be explained if the protein was covalently 
bound to the DA . Alternatively the protein may have been too 
large to enter the gel or the 3H label may have become incorpor-, 
ated into the DNA. The latter possibility is considered unlikely 
as the 3H amino acids chosen to label the proteins would not 
enter known pathways for precursors o f nucleic acids. 
In a second experiment, a sample of 3H - thymidine 
labelled DA-protein complex, isolated from CELO virus by the 
GuHCl-CsCl method, was heated to 56C for 30 minutes in 0.5% 
SDS. After this treatme nt, the complex was mixed with 32 P 
labelled CELO virus DA and centrifuged to equi librium in a GuHCl-
CsCl gradi e nt. In the pres nee of 4M GuHCl-CsCl , SDS precip-
itated and after centrifugation formed a white band at the 
meniscus. 85 % of the 3H r dioactivity was found associated with 
th SDS prec ipitate, whereas 90% of the 32 P marker DNA was found 
in a sharp peak in the centre of the gradient. The interpretation 
of this result was that t he protein was not removed from the DNA 
by heating in SDS and the comp lex thus remained associated with 
th SOS precipitate at th meniscus. A similar result was 
obtained when 3H thymidine labelled CELO virus was used in place 
of the 3H thymidine labelled comp lex. These results strengthen 
the assumption that the protein is covalently bound to the DNA . 
The protein asso~i ted wi th the DA-protein complex 
of 0 29 may not be coval ntly bo und to the DNA. When the 35 s 
1 belled 0 29 complex s boiled in SDS nd electrophore sed in 
poly crylamide ge s , tle 35 s radioact ivity migrated a s a sharp 
peak equival ent to a molec lar weight of 54,000 , which is the 
same molecular ight s the majo r hedd proteins . Thus , it is 
possible th t tl protein associ ated ith the¢ 29 OJA- protein 
complex i s he d protein, but this has yet to be confirmed . 
Reports of covalent bonds bet een protein and DNA are 
few but such bonds can app r ntly be induced artificially by 
ultraviol t irra iation in vivo and in vitro (Smith , 1964; Smith 
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et al., 1966) nd by alkylating gents in vivo (Grunick et al ., 
1973). Amino acid-nucl otide bonds hav been reported to occur 
naturally in a number of DNAs based on the rather tenuous 
evidence that some amino acids can be found associated with these 
DNAs even a fter extensive treatment wit protein denaturants 
(Shabarova, 1970). The sensitivity of mouse fibroblast DNA to 
Pronase was also led Andoh & Ide (1971) to propose protein linkers 
in eukaryotic DNA. A covalent association between E . coli DNA 
ligase and adenosine triphosphate has been reported to occur when 
this enzyme repairs nicks in DNA (Gumpor t & Lehman, 1971). If 
the adenovirus DNA-protein comple x contains a nucleotide-amino 
acid covalent link, it may be a good model in which to study 
covalent bonds between nucleic acids and proteins. 
With regard to the inte ractio n between the ends of the 
DNA in the CELO virus DNA-protein comple x, it is most likely 
that this is a protein-protein interaction as Pronase-SDS-phenol 
extracted DNA does not become involved in the complex when 
included in the extraction procedure. The reactions between the 
ends appear to occur after the DNA has been released from the 
particl~ as DNA freshly rele ased from the particle by 4M GuHCl 
is genome lengtl1 and linear. If the DNA is then centrifuged in 
GuHCl-sucrose density gradients, GuHCl -CsC l density gradients, 
or precipitated with ethanol and resuspe nded in saturated GuHCl, 
DNA-protein complexes can be isolated in circular or oligomeric 
form. The presence of oligomers also infers that the DNA-protein 
complex is linear inside the particle, or is broken on extraction 
and can rejoin, as it is unlikely that a particle would contain 
more than one genome length molec ule. If the DNA is extracted 
with 4M GuHCl and stored at 4c for some weeks, however, electron 
microscopy revea ls only tangled aggregates . The significance of 
this observa tion is not clear , but may be due to a slow inter-
action of the complex with other prote i n s of the virus. These 
other protein s would norm lly be separ ted from the complex 
during centri fugation or p ecipitation in ethanol. 
The sp cificity of the joining reacti on in 4M GuHCl 
is difficult to assess . The fact that more than two ends can 
t e part in he joining reaction may sugyest t hat this is due 
to non-specific stickin8ss of the protein in the denatur ing 
solution, al t hough similar interactions can occur after exposure 
to a number of enaturing solvents. These interactions indicate 
that a prot in exists at each end of the D molecu l e , but do 
not necess rily imply tl tit h s a joining function in vivo. 
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Tl e fact th L · nd joi ing i::; 1 ot n ily let 1d to right 
nd, may ctl o sugg t non-sµ cific irt racLion . Alte n tiv ly 
multiple sp~cific nd inl ractions cuultl occu if two inter cting 
proteins xisted t ch end of th DNA . Also end interactions 
between two mol cules my always maint instr nd polarity and 
right end to left end joining may b achiev din vivo by the 
formation of genome ler gth circles rath -~r than concatemers. 
Wh tler or not the end inter ctions are specific, it is 
surprising that they occur in GuHCl. 6M GuHCl is a commonly 
used denaturing agent for determining the sub-unit structure of 
proteins in the analytical ultracentrifuge (Tanford, 1968). Not 
all protein-protein interactions are inhibited in GuHCl, however 
as one of the serine proteases of Pronase is still active in 6M 
GuHCl (Siegel et al., 1972~ which pr sumably involves close 
interaction of the protein enzyme with its polypeptide substrate. 
Aggregation, rather than dissociation of some proteins in GuHCl, 
has also been r eported by Reithal (1963) and it is possible that 
CsCl or sucrose may influence the behaviour of proteins in GuHCl 
solutions. 
'rhe function of the protein of the DNA-protein complex 
has not been determin ~d. The most attractive theory is that the 
proteins are involved in replication of the DNA and function to 
join the ends of the DNA in vivo . As was explained in Chapter 1, 
this app ars to be essential to allow completion of the 5' ends 
of the daughter strands of the DNA and the models so far put 
forward do not take tl is into account. It is possible that the 
protein(s) have ligase nd endonucl ase activity and can coval-
ently close or cut the strands during replication . The endo-
nuclease activity may b activated on extraction with protein 
denaturants and alkali, such that it is virtually impossible to 
extract a compl ex , in which the str~nds are covalently closed, 
either from the particl or from th infected cell. The 
r laxation complexes of the E. coli plasmids COL E1 , COL E 2 , 
COL E3 and F 1 h ve properties similar to this. These complexes 
consist of a supercoil d DA, to which protein is associated . 
Attempts to remove this protein with pre eolytic enzymes, deter-
gents, pl enol , and alkali convert th supercoiled DNA to a 
relaxed circl~ by a str nd specific cut (Belinski & Clewel, 1971). 
COL El DA is also r laxed by ]eating, but COL E 2 , COL E 3 and F 1 
DA are not, nd v n b com insensitive to relaxation by subse-
48 
quent treatm nt wi hp o e olyt·c enzyme s , et rg nts, and alkali. 
Similar exp riments have b n tried wi h CELO virus DA -protein 
complex, but no covalently ~10s d circ ular DA could be obtained. 
However DNA rel s e d r om virus during spr din g for e lectron 
microscopy is s om time s supe rcoiled and tl is c o uld indicate that 
the DA is covalently closed inside the particle , both strands 
being cut when xposed to protein dena tur nts. Alternatively 
constraints on the DNA , oth r than cov l e nt closure of the 
strands may be responsibl for these forms. 
Adenovirus DA further res embles COL E1 DNA in its 
insensitivity to inlibitors of protein synthesis. When cells 
infected with adenovirus 2 are treated with cycloheximide after 
12 hours post infection, viral DNA replication is unaffected 
(Horwitz et al., 1973) and COL E1 DNA, which carries a tightly 
bound protein with endonuclease ac tivi ty , r eplicates in the 
presence of chloramphenicol (Clewel, 1972). In contrast Polyoma 
virus DNA replication is inhibited by cycloheximide at all times 
(Branton et al., 1970) as is the replicat ion of the DNA of SV 40 
(Kit et al., 1969), rabbit pox virus (Kates & McAuslan, 1967), 
pseudorabies virus (Kaplan &Ben Porat, 1966; cited by Horwitz 
et al., 1973) and Hela cells (Horwitz e t al . 1 1973). This 
suggests that a protein (or proteins) is made in adenovirus 
infected cells which once made can maintain DNA replication. 
A role for the protein of the DNA-·prote in complex in 
DNA replication has not been proved, but replicating DNA extract-
ed with GuHCl-deoxychol ate beh ve s similarly, in GuHCl-sucrose 
gradients, to the DNA-prot in complex isolated from the virus 
particle. On treatment with Pronase the same replicating DNA 
has properties similar to replica ting DNA isolated from the 
infected cells by the pronase -SOS method (Bellett & Younghusband, 
1972). This suggests that the protein i attached to the DNA 
during replication. 
There have been oth r isolated reports of DNA-protein 
complexes b ing isol ted from denovirus infected cells. 
Pearson & H nawalt (1971) ~l1owed that pulse labelled replicating 
Ad2 DNA could e isolat d a ssociated with an SDS precipitate in 
sucrose shelf gr ients. Nuclei were isolated from infected 
cells, lysed with Pronas in 0. 0lM NaCl, incubated in 0.5% SDS 
and 0.5M NaCl, and centrifug din a 15-30% sucrose gradient that 
had been layer don a cushion of 60% sucrose . The replicating 
DNA was found ssoci ted with the SOS precipitate that accumulated 
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t th 30- 0-t sue us, sh 11. could 110 t be 
r leased from this compl x ith Pron se or R A-ase , but could 
b r leas' on e tm ~nt it} lipas _. I the in ct d cells 
were pulse laLelled with 3H Budr , follo ed by a chase of unlabel-
led thymidin, the labelled DNA could be foulld at the top of 
the gradient fter cent ifugation. The inte pretation of these 
results by Person and H n walt was that adenovirus DA 
replicated in associ tion ith host me mb ranes which could be 
precipitated with SDS. Tle insensitivity of this complex to 
Pronase is puzzling and the report has yet o be confirmed. 
Another Ad2 DA-prote in complex was isolated from 
infected HeLa cells by gently lysing the isolated nuclei with 
the detergent Triton-X, and then sedimenting the lysate in 
neutral sucrose (Walla ce & Kates , 1972). The DNA sedimented at 
74S (mature DNA sediments at 32S), but after digestion with 
Pronase it sedimented at about 43S. This is still faster than 
the mature DA and probably represents replicating molecules or 
DNA-RNA transcription complexes. This complex is similar to the 
DNA-protein complexes isolat d from SV 40 (White & Eason, 1971; 
Hall et al., 1973) and polyorna virus (Green et al., 1971; 
Goldstein et al., 1973) infected cells using gentle lysis with 
Triton-X. It is now known (J. Griffith, M. Diekmann & P. Berg 
to be published in Science, 1974) that the proteins in the SV 40 
Triton-X DNA protein complex are predominantly host histones. 
When these are removed by exposure to high salt concentrations, 
two or three globular proteins remain bound to the DNA near the 
origin of replication. These remaining proteins can be removed 
by incubation of the comJlex in SDS. It is proposed that the 
globular proteins are intimately linJ ed with DNA-replication. 
DNA-protein compJexes hav8 also been isolated from 
adenovirus 12 and adenovirus 31 infected cells by Suzuki & 
Shimojo (1974) and Shiroki et al. (1974) using Mg+-sarkosyl 
lysis of cells . 'l'his method was devis ed by Tremblay e t al. ( 1969) , 
who used it to isolat~ membr ne bound DA-RNA complexes from 
Bacillus megaterium. The adenovirus 12 replicating molecules 
were found associct8 d 1ith the Mg+-sarkos yl(M) band in sucrose 
gradients, which coulJ mean hat the molecules were associated 
with membranes during r plication . Ilo ever,autoradiography of 
se ::;tions of infected cell nuclei sho\ 1ed that the replicating DNA 
was not associated wi th tle mE;rnbrane. This would be consistent 
with replicating DNA-·protein complexes becoming associated with 
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Lh ~ Hll.!ffiu nL - !..J 1. O ~:> 1 1_.J L---: c .q _; L t s a11 J 1 cl u ing xtr ct-
ion. 
D 'r[l r ut l . (1972b) de s c iued a 3H l 1 midin 
1 belled c mpl .1-n Cl:!11 · l.Jortiv ly in f cteL witl 3H thymidine 
labelled d novi us 12. hen whole in -~ct d cells wer tr t d 
with Pronase, ollo d by phenol xt cLion nd centrifugation 
in propidiur -iodide Cs 1 y dients, tl e complex app ared as a 
band denser th · n mature Vlr 1 DNA. By pre labelling cells with 
35s methionine, Doe fl r c t 1 . conclud d that a host :leriv d 
protein was associ tJd ~ith this complex, despi te failure to 
disrupt the complex with pronas e or DNA-ase . The complex was 
sensitive to @A-ase howeve~ and to e xp la in these observations 
the authors suggested th t the compl e x was in a compact form in 
which RNA surrounded a core of DNA and protein. Electron micro-
scopy of the dense band material failed to elucidate its nature, 
as only extended linear molecules we r e seen. The report awaits 
confirmation and further clarification. 
These reports of DNA-protein complexes from adenovirus 
infected cells, although confusing, ge1 e rally support the idea 
that some proteins are firml y bound t o adenovirus DNA during its 
replication . The most likely explanation is that these complexes 
are composed of th v iral DNA associated with proteins respons-
ible for replication and or transcription. Alternatively , other 
host or viral coded DNA bi nding proteins may associate with the 
DNA during extraction. Replicating CELO virus DNA extracted 
with 4M GuHCl -deoxychol a te carries much less protein than the 
large complexes desc ibcd above, as the majori ty of molecules 
e~imcnted only sligl Ll y taster th n malur viral ONA. It is 
probable that the proteins associated with the larger complexes 
are remo v d by the Gu HCl - ueoxycholate procedure, leaving b e hind 
the specific protein that i s fo und associated with the mature DNA. 
Anothe r possible func tion for the protein of the DNA-
protein complex is that lt is a 'pilo t' protein similar to that 
postulat d by A. Kornber (personal c ommunicat ion to A. J . D. 
Bellett). Kornberg sugg e sts that some DNA c on taining bacter-
iophages hav prot in~ s p ~cifically associa t d with the DNA, which 
c n guid the DNA to tn e DNA replication sites on the membrane 
(many DNA contai ing , ;teriophag s ar thought to replicate in 
close association witl lost cell m_~Jr nes ). In support o f this 
hypothesi s tle Gene 3 p otein of bctcterioph ge Ml3 particles which 
functions in a sorptio , c - n si ll b found ti ghtly bound to 
the p re1t 1 R l lat~ sl ge in th replication process 
SJ 
( J ~ z w i n s k i (: L 1 • , l 9 l 3 ) . I p co - · r 1 \. .1 Ll s i m 1 1 I) r o e i to 
h Ml3 (J o l.= 1.n h s n o be n ound 1n IJ •rio1->h g Xl 74 
p rticl s (A . J o nlJ rLJ, pe · · on 1 corrunu111c tion to A . J . D. Bell tt). 
Th int rn l prot ins of ph g T4 nter h . c 11 with the DNA 
and can still b recov J ith th DNA bound tom mbranes 
(Bach r a ch et al ., 1974) I denovirus DA associate s with host 
cell DNA r µlie tion bl uctur - s in r d r to replic te , it may 
be guid d the r by th prot.e.i.n of the: viral DNA -protein complex . 
These replicating structur s ould not ne e ss rily be on a 
membrane as there is eviden ce that aderovirus DNA (Shiraki e t al., 
1974) and m mmali n D A (" ise & Pre scott , 1973 ) does not 
associate with the nuclea membrane during r e plication. 
Alternatively tle pro t ei n of the comp lex may have a 
role in p a ckaging the Dt"A into the particle . This is considered 
unlikely as it would n o t be found a ssociated with the DNA during 
replicat ion if this was its only function . 
Of the possibilities di s c ussed , the most compelling 
theory i s tha t the prJtein in the DNA-pro t e in complex is involved 
in DNA replic t ion a nd is part of a mechan ism which allows the 5' 
ends of the DlA to be completed . It could do this in a number 
of way s. Firstly, the protein , whi le remaining bound to the DNA, 
could covalently clos e the strands, su c h that the DNA replicates 
essentially a s a circular mol e cule . The protein could also act 
as the swivel proposed by Cairn s (1 963) , by cutting and rejoining 
the DNA during replication . A model incorporating the idea that 
the protein cova l e ntl y clos es the strands is shown in Fig. 44, 
which r.roposep.that ad "llOvirus DNA replicates as a circular DNA-
protein complex , which is conve rted i n to a genome length, linear 
molecul e on extraction ith Pronase, SO S or alkali, generating 
the structures seen b y Sussenbach et al. (1972). This model is 
similar to the displacemen t loop mechanism (Robberson et al., 
1972). He r e the first origin is at the s ite of the Pronase-SDS , 
alkali induce break, but the origin of replication on the 
displ ced stra dis at site remote from this . From the e l e ct-
r on micrographs of Susse bach a nd coworkers , the site of the 
r ep l ication origi n on this displaced strand is variable. If 
Okazaki typ • syntli s i s occurs on the displ~c_d strand d ring 
adenovirus Dt A replicct tior , the n any of tl e sites at which RNA 
initiat s n Ok z~i· · f a~rn nt co ul d co ceiva ly act as an origin, 
although his has not be·n pLoven. rhe circular model has an 
advantage ov r linear mo e ls in thaL only one initiat i on event 
Fig. 44 Displacement-loop model fo r adenovirus DNA replication. 
Parental DNA, continuous lines; daughter strands, broken lines; 
growing points, arrowheads. The top row a-g shows successive 
stages in the replication of a circular DNA by a displacement 
loop, the lower row shows the linear structures obtained by 
breaking the circle at the first origin (0 1 ), which correspond 
to linear molecules found in SDS-pronase-phenol lysates of 
infected cells. The right (AT-rich) end of the linear molecule 
is on top, and the parental H strand to the right. 
Structures e and fare daughter molecules that separate once 
replication from o1 is complete. Continued synthesis of the 
second daughter strand from o2 past o1 (g) gives, after break-
ing the circle at 01, linear duplex DNA with an internal single-
strand region; this class of molecule is hard to account for 
if the replicating DNA is linear and genome length. 
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p ·r str nd nc... c:c IJe pu.stL 11t· t.;d t e J.JJ J.n Lh p Li lly 
r ) pl i C cl t Cd fl 10 ] L! C u 1 C l s . L! ll j.J y s lLJ s . 11 L ..: l l l.-1 L ,~ .1 • ( l 9 r/ L ) I l cl 
[!; 11 . n s · t <.-1 1 . ( 1 9 7 4 ) . 'J' I it~ d L • c Liu ll u i t:i , n L ht:: s .is u 11 1 e i -
f.Jl Ct::d str rd CG ld 1..J e:ilhe1 towc1 r u y tLom 
for . · \1ly m de fJ CJtl.;ins wouJ ci bu1d lo the 
hL! displac -
uglte r mol -
cu e s a s t r · y w c.:. e; corn p l t..: t c~ cJ , so l 11 f r l.! s h r 0 u 1 d ~ o i r p 1 i c t ion 
could be inilJat ·d . Fig. 4~ 1s a rolling circle mod 1, which 
ould also r •sult in lir ear replicating intcrmedi te on extract-
ion with P ron se and SOS. 
Alternative funct ions for the protei n of the complex 
during replication could be envisaged . The protein may only act 
to bring the ends of e ch strand together , such that strand 
polarity 1s m intained, but the ends are not covalently closed. 
The 3' ends coul then act as a primer for completing the 5' ends. 
Another possibility is that the prot in does not join the ends, 
but allows DA po lyme r se to complete t he 5 1 e nds, by some as yet 
undiscovered mechanism. For instance the protein may contain a 
nucleotide on which DNA polymerase c ou l d initiate , thus avoiding 
the neces sity for an RNA prime r at the e nds. 
Th e findi ng that CELO viru s DNA contains an inverted 
terminal rep titian , furthe r con firms its similarity to the 
human adenovirus DNAs. The length o f th is repetition , as 
determined by exonucl ease digestion, is about 110 base pairs, 
which is similar to that obtained fo r adenovirus 2 by R. Robe rts 
(personal communication). It is consi d er bly s horter than the 
e s t i mate s o f G · r on e t a 1 . ( 1 9 7 2 ) for ad en o virus e s 1 , 2 , 3 , 7 , 18 
and 31 aHd of oJ fson t, D1cs:::ile (1 9'72 ) for ··d •noviru s 2. It is 
interesting to note that the linear 1itochondrial DNA of 
Tetrahymena pyriformis has been reported to contain an inverted 
terminal repetition (Arnberg e t al ., 1974) but no details of this 
work have be~n published . 
The panl ndle structure (F ig . 12A , Chapter 1) seems the 
most like l y arm of the sirgl_ s tranded ci rcl e of adenovirus DNA, 
as it ma i 11 t 1 n;:) a cc p t ~~ d s t r o. n d po 1 a r i t y . Also structur e s that 
can be interprc:.:ted asp 11hc.1ndles , have bee n seen in elec tron 
micrographs o si ngle str nd circl~s of ddenovi rus 18 (C.F. Garon , 
K. W. Berry nd .J. A. Ro I..:! , p · r so r1al cc r,mu 11i cat ion) and adeno-
s soci ated vi us D~A (L ~ ~ K~lly , 1974) . Panhandles were not 
sen on CELO virus sin0l- stranded circle~ but this would not be 
e xpected itl uplcx region o 110 ~ase pairs . T 1e i1 -line 
duplex (F ig . 2 , Chapter J) is an u1 lik~l structure , as accepted 
Fig. 45 Rolling circle model for adenovirus DNA replication 
Parental DNA, continuous lines; daughter strands, broken lines; 
growing points, arrow heads. a-d at the left shows successive 
stages in the replication of a circular DNA by a rolling circle 
in which replication on the displaced strand is delayed. The 
site 01 is the origin of replication on the circle and is also 
the site of the Pronase-SDS-phenol induced break. o2 is the 
origin of r e plication on the displaced strand. a-d at the right 
are the molecules generated after Pronase-SDS treatment of the 
rolling circles at the left. 
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strand pol lLY is Dot mJ .ntained. lt o slow ver point to tl 
possibili ty o anoth r tor:-rn u termii1 · l repe t , which ould not 
b e sily deL ec t d . 
It WctS n nined wl LL r tl e inv rL d t rmina l 
p titian o f C 'LO viru O A exte nd s Lo tl e end s of the DA. 
Short single st d d or upl x sequ - nces could exist outside 
the inverted terminal r p Lition, which would give, after 
denaturati on a n an ealing , single s t randed circles with short 
unpaired or rojecting str nds at the ends of the panhandle . 
The experiments of Wol son & Dressler (1972) suggest that the 
inverted terminal sequ nee in adenovirus 2 DNA extends to the 
ends of the DA with the possibility of a single stranded 
extension of the 5 1 ends. 
As yet no function has been assigned to the inverted 
terminal repetition. However if the ends of the mature duplex 
DNA are opposed, with s trand polarity maintained , the sequences 
of the inverte d termin a l repetit ion a ppear as a palindrome 
(Fig. 12A, Chapter 1). 1 - 2% of the DNA sequences of some 
eukaryotic DNAs are in the form of p lindromes (Wilson & Thomas, 
1974) and tleir lengths v y fro m 300-6000 base pairs. Smaller 
palindromes prob bly exist but would have been missed by the 
isolation techniques of Wilson & Thomas (1974). They suggest 
that these palindromes could be recognition sequences for 
proteins. Palindromes of 1400-2800 base pairs have been found 
in the E. coli plasmid COL Y-K94 and s ome of the resistance 
transfer factors (R-fac tors), but the symetrical halves of the 
palindrome s r es .parat ei by 900-8000 base pairs of unrelated 
sequence (Sharp e t al., 1973). The DNA sequence recognised by 
the Lac repres or protein of E . coli is an incomplete palindrome 
of 21 base p irs (Gilbert & Maxam, 1973) and the recognition 
sequences for the rest1iction endonucleases are palindromes 4-5 
bases long (Boyer , 1974). The DNA s_que nce in the s1 site of A 
where A repre sso r binds, contains 2 or 3 incomplete palindromes 
(M niatis e t 1. 1 1974 cit d by Lewin, 1974). It is possible 
th t the inverted termin 1 r petition o f denovirus DNA acts as 
recognition seque nc for protein. This protein could be the 
one described he!" or ther proteins i11\.ol 1ed in replication or 
transcription. The jo ning pro tein n1 y bring the ends of the 
DNA togeth r so that t 1E:: Jdlindrorne c n be recognised by these 
other proteins. 
A mo cl e·pl - in ng how line · r DA\ ith n inverted 
terminal r petition~ 1 circul rise nd consequently complete 
the 5 ' ends of the str3n st s been propos d or Tetr hymen 
pyri fo rmis by Arnberg et 1. (1974) . This model is shown in 
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Fig. 46 . I equi es as lf-complement ry sequenc e on both 
strands of tlie DA beyond the inverted termin · l repetition . As 
can bes en, covalently closed circular form exists at one 
stage du ing rep lica t ion . If the DA does replicate by the 
proposed model , this circnla r f orm must be extremely short lived, 
as only one circular molecule has been seen i n an e xhaustive 
search by electron microscopy and no fast sedimenting forms can 
be seen when the replicating DNA is sedimented in alkaline 
sucrose density gradi nt~ (Cl e gg et 1. 1 1974) . Also the 
repetition labelled hh' on the model is hypot he tical . This 
arrangement of nucleotid sat one end of the i nverted terminal 
repetition proposed for T . pyri form is mitochondrial DNA could be 
tested by the experim · n ts ca ried o ut by Wolfson & Dressler 
(1972) with adenovirus 2 DNA . Only 5 0 % of single strand circles 
forme d by annea ling at low DNA conc e ntration, should be suscept-
ible to e xonucl e ase III digestion at 45 C . This self-complement-
ary sequence distal to the inverted terminal repetition does not 
exist in ade novi rus DNA s all singl e strand ed circles formed 
with Ad 2 DNA were ~usceptible to exo nuclease III digestion 
(Wol fson & Dressler , 1972). 
The finding that the inverte d t e rminal repetition 
occurs in th e DNA o f two o therwise unrelat e d s ystems could imply 
that this DNA structure is shared by other linear DNA ' s . A 
closer examin a tion of the DNA ' s of t l e bacteriophages ~ 29, 
GA-1 , S 02 , nu .0 10 5 rncty r Vi.;!al a i.rni 1 · r tE:.!rrninal repetition. 
Further , like the coh -sive ends of l ambda DNA, and the terminal 
repetitions of the DNA's of bacteriophage T7 and P22 , it may 
imply a gen e ral mechanism of e nd joining , perhaps in combination 
with a protein. 
This t hesis lso describes the separation of the 
complement r y str nds of CELO virus DA and confirms their 
integrity by single strand circle formation . The separation of 
th complem ntary strands requires little discussion as stra nd 
separation a~ Leen a~alt ith ind pth in a review by Szybalski 
e t al. (1 71). ith a method in whi ch intact complementary 
st ands c n be 1s01 te , tr nscription n d replication can be 
invest iga ted moie tho oughly . In co l l aLorati on with J . T. May , 
Department o Mi crotiology , John Curtin School of Medical 
Research, the cont lem 1ta y strands of CELO vi rus DA were used to 
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Fig. 46 Model for the replication of Tetrahymena pyrifor~is 
mitochondrial DNA 
After the first round of replication, only the fate of one of 
the daughter molecules is followed. 
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investigate t e p opertics of double stranded (d.s.) RA formed 
by annealing of pulse-1 bell RNA isol t d from CELO virus 
infected cells (May RoLinson , 1974 submitted to J . G n . Viral . ). 
50% of the 3H laLelled d.s. R from infected cells was sho n to 
be viral speci ic by hybri1is tion to CELO virus DA compared 
with 1% of the 3H labelle d.s. RNA from uninfected cells . It 
was further shown th t only 25% of 3H l belled d.s. RNA from 
CELO virus infected cells hybridised to each of the separated 
complementary strands . This result excludes the possibility 
that the d.s. RIA is transcribed fron1 palindromes and probably 
arises from convergent overlapping transcription of the CELO 
virus genome, divergent overl pping transcription , or incomplete 
post transcriptional processing of initially complete complement-
ary transcripts. 
CHAPTER 4 
M t e rials and MGthods 
5G 
l (l.,! l < 
1 . Exonu l~dSe III a 91 · from Dr. I . R. Lehmc..1.n , D pr m nt 
of iocl mi!J y, S nto s.l Univ rsity Mvd.i.c l Centr•, U.S.A. 
The prep r<llion conL ined 5 x 10 5 enzym units and 3 .7 mg of 
protein per ml. and tr c of endonucl dse c tivity. 
2. Pronasc (B g d~) (Calbio hem) - MaJe up · s a stock 
solution of 10 mg/ml in Il~O. It was incubated at 56C for 2 
hours prior to lse . Th ~ sto~k solution was stored at -16c. 
3. Trypsin - from bovine pancreas (Sigrn). The stock solution 
(10 mg/ml in H2O) was stored at -16C. 
4. a-Chymotrypsin - rom bovine pancreas (Sigma) . The stock 
solution (10 mg/ml in H2O) was stored at -16C. 
5. C tochrome -C T e III from horse heart (Sigma) . A stock 
solution (10 mg/ml in H2o) w s stored t 4C. 
6. Ribonuclease-A-phosphate free ( orthington Biochemical 
Corporation). Made up to 2 . 0 mg/ml in 0. 05 M Na Acetate pH5. 0, 
heated to l00C for 10 minutes , and stored at - 16C. 
7. Deoxyribonuclease - RNA-ase free (Worthington Biochemical 
Corporation) . Stored at 1 mg/ml in H2O at -16C . 
8. Poly (U,G) - (Schw rz-Mann Cat. No. 7001, U:G ratio of 
1.0:0.3) wa star d at -16C at a concentration of 1 mg/ml in 
0.01 M EDTA, 0.01 M TRIS 7.2 , 0.1 M NaCl, 0.2% SOS. 
Chemicals 
1. Guan°idin_/um chlo..rj ,]u ,as recrystallized by slowly cooling 
a boiling solution of eth nol saturated with guanadinium 
chloride (BDII-biochemicals). The crystals were collected by 
filtration tl rough hatmdn lo . 1 filter paper, air dried and 
stored in air tight boctles at room temperature . 
2 . 
To r emove trac s of HO from these reagents, they were redis-
tilled and s~ored at room temperature in air tight bottles. 
3 . Cellulos nitrate. Cellulose nitrate strips were dried 
at 90C for 24 hours and stored in a esiccator over P 2O5 . 
4. Phenol w s rcdistilled in an atmosphere of N2 and stored 
under N2 in v~x sc le tubes at -16C. 
5. 0th Chemic ls Ardl ticdl grad chemicals wer used 
throughout. 
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R clioacli v~ Co npc.Ju ds 
1 . (Me tlty l- 3 Il) tl niiclinc , !:Spe c ific activi y (s . a . ) :::: 19 Ci/m . 
mol . 
l< dio - c tive Ce tr , Amersl am . 
2 . 32p C lGr free (s . . ) 14-15 Ci/mg 
Austr li n Atomic .energy Commi ss ion, Lucas He ights , Sydney 
3 . L- Leuci e -4 , 5-H 3--s.a. 58 Ci/m mol 
L- Lysin -4 , 5-H3 (n) monohydrochloride-S.A . 19 Ci/m mol 
L-Valine -2 , 3-H 3 (n) -s . a . 30 . 6 Ci/m mol 
L- Arginine-5-H3 monohydrochloride-s . a. 22 Ci/m mol 
L- Tryptophane-H 3 (G) - s . a . 5 . 6 Ci/m mol 
L- 3-phenylalanine (ring -4 - H3 ) s . a . 2 9 Ci/m mol 
L- Tyrosine-3 , 5-H3 -s . a . 40 Ci/m mol 
Radiochemical Centre , Amersham . 
4 . 35 s me thionine was a gift from Dr . G. Abraham (present 
address , Roche Institute for Mo lecular Biology , Nutley , U.S . A. ) 
a nd was prepared by the method o f Williams & Dawson (1 95 2 ) as 
modif i ed by Sanger et al . (196 4) using bakers yeast purchased 
local l y and 35 so4 (Carrier fre e) from Radiochemical Ce n tre , 
Amersham . 
Vi r uses 
1 . The Phe lps strain of chicken embryo le t hal 
orphan (CELO) virus (Yate s & Fry, 1957) was ob t ai n ed from Dr . J . 
S . Oxford , t . Inst. for Medi c al Re search , Mill Hill , London . 
2 . Ad e novi r us type 2 wa s obtained from Dr . W. G. 
L ver , John Curt in Sclool of Medic a l Research , Austra l ian 
Nation al University . 
3 . Bacteriophage ¢Xl74 was obtained from Dr . 
R. L . Sinsheirner , Pasaden through Dr . G. D. Clark-Walker , 
Res earch School of Biologica l Sciences , Australian National 
Unive rsity . 
Cell Cultures 
CELO virus v- s grov1n in primary chick emb ryo kidney 
cultures as escribed b Younghusbard and Be llett (1971) . 
Kidneys wer rnov d septical l y from 19 day old chick embryo 
min~ed wi h scissors , nd washed in Dulbecco 's phosphate-
buffered 1 in e ( p B s ) s O 1 u ti On a . ( Du 1 bl::! CC O & VO gt ' 1 9 5 4 ) . The 
minc e d cells ere susp nded in 0 . 25 ~ trypsi n in PBS and 
incub t d , \ ith sh king, for l hour t room temperature . The 
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'I'h cells c..: r l..! L1 ., r t.J u....; s l.:! d t l n o u y l d 1 r c y (,4 u .G e to 
nd h n c1.; ntri ug d cJ.L 250 x y lor 10 
c 11 w s su~rend din gro th medium 
l rge clumps 
The pell to 
0 InOV 
rninut s. 
nd g 1.11 
pell ted. 
'I' h p 11 t I s in - 11 y es us pended in l O O ti m s t 
packed cell volum o go h rnediun1 , counted , and diluted to 
6 
10 cell s / ml . of m__.dium. 65 mm . pl stic petri dishes for 
tissue ultur (Camelec PDS275(H)) wer seeded at 7 ml . per 
dish with tl is cell suspension. The disl s of c lls were 
placed in an incubator g ssed with 5% co 2 in air, at 36C-37C. 
The cells produced confluent monolayers 2 to 3 days later. 
Adenovirus type 2 was grown in monolayers of KB cells 
in 65 mm. plastic petri dishes (Camelec PDS275(H)). KB cells 
were obtained from Dr. J. May, John Curtin School of Medical 
Research, Australian National University. 
Medium 
All cell cultures were grown in modified Eagles 
medium (Stoker & MacPh rson , 1961) supplemented with 10% try-
ptose phosphate broth and 10% cal f serum . The same medium was 
used when growing unl belled or 3tt thyrnidine labelled virus. 
For 32 P labelling of virus , phosphate and phosphate broth were 
omitted. For labelling virus with 3Ss methionine or with 3H 
amino acids, the medium was made up with I/20th concentration 
of the particular unlabelled amino acids that were to be used 
in the labelled form during an experime nt, except for the 
concentration of arginine , which wa s reduced to½ concentration. 
The calf s rum used in the experim nts , involving labelled amino 
acids , was dialysed against phosphate buffered saline . 
Virus rowth and urification 
1 . CELO Vl in cell culture . 
The method de. cribed by Younghusband and Bellett (1971) 
was used. The medium w s removed from plates containing 
confluent munol yers of chick embryo }'idney cells and each 
plate w s i ocul ted ✓ it one ml. of medium containing 10 8 
p . f.u . CELO virus . f t ~ r one or two hours at 37C , another one 
ml . of medi m ~ s adde d toe ch plate z nd the cultures 
incubat d for forty s~x to forty eight hours at 37C . After this 
time , the pl - t~s conta ning the cells wer froz en and thawed 
thre ti s, nd the med · um harvest nd centrifuged at 2000-
3000 r . p.m . in refrig=r ted centrifuge for fifteen minutes . 
The superna~ - twas 1 yer d onto an 8 ml cushion of CsCl 
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(d nsity l. 4 5 g/ml) .l cellulos n.L r Le tub nd ntrifug d 
for 1 hour 25 , 000 l:Jfll ln l e Spinco 7 rotor or at 
21,000 rpm in th Spjnco 25 . 1 rotor at C. The visibl 
virus ban w coll cted Vl a gl ss tul 
' 
p ssing from the 
top of th centrifug tub to the bottom, connect d to a 
peristaltic pump . The virus in CsCl w s diluted with ten to 
twenty volumes of gel tin saline solution (pII 7.2) and purified 
further by not} er c ntrifugation onto a cLshion of CsCl 
(density= 1.45 g/ml . ). The virus b nd was collected , diluted 
with hal f a volume of gelatin saline solution (Fazekas de St . 
Groth et al., 1958) , 1 y red onto twice or three times its 
volume of CsCl (densit 1 . 35 g/ml) in a cellulose nitrate tube 
and centrifuged at 21,000 rpm in a Spinco SW 25 . 3 rotor or at 
35 ,0 00 rpm in a Spinco SW 50 .1 rotor for 16-18 hours at 4C. 
The virus band was collected , mixed with a drop of gelatin 
saline and either dialysed again st 0.15 M NaCl , 0.015 M Na 
Citrate (SSC) or recushioned as described above and then 
dialysed. This method of purification is similar to that 
described by Green & Pi~ (1963) . 
2. CELO virus in embryonated eggs 
9 to 10 day embryonated eggs were innoculated into 
the allantoic cavity with 2-5 x 10 7 p . f .u. of CELO virus . 
After two days incubation, the allantoic fluid was harvested 
and the virus purified by the method described above. 
3 . Adenovirus type 2 
KB cells wer jnnoculated with adenovirus type 2 
essentially as described for CELO virus in CEK cells. After 
48 hours incubation at 37C , the infected cells had detached 
from the plastic and were centrifuged at 1000g for 15 minutes. 
The cell pellet was resuspended in t e n or twenty volumes of 
gelatins line and the vlrus released from the cells by freezing 
and thawing thr e times , or by extraction with Genesolv-D 
(Alli ed Chemicals) . Th~ virus was then purified as described 
for CELO virus. 
4 . ~Xl74 virus 
This virus w s gro~n in E. colic by the method 
described by Sinsheime (1966). 
Radioisoto 
To obt in 32 P la0elled CELO v rus , C8K cells were 
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in ct J l 11 ~ELO Vl us as d scriL~d ctn 5 Lo 10 µci/ml 32 P 
d d t tl d . 8 10 h . . 3 2 o 1 me ium a to our s post-in ection . P CELO 
virus w l rv sted dt 48 hours posL-in ction n purifi d 
as scri eu aLove . 
3tt thymidi e lcibell d CELO virus and 3H 1 belled Ad2 
were obtained simil·rly by adding 5-10 µCi/ml of 3H thymidine 
to the me ium t ten hours post in ection . 
3u mino acid and 35 s methionine labelled CELO virus 
were obtained from CEK cells as described in Chapter 2. 
Radioactive counting 
1. Total radioactivity 
This was determined by diluting samples to approxi-
mately 1 ml with water and mixing with 10 ml of water miscible 
scintillation fluid (62.5% toluene, 37 . 5% Triton X-10, contain-
ing 5 g/1 PPO and 0.3 g/1 POPOP) and counting in a liquid 
scintillation counter (Packard) . 
2. Acid radioactivity 
Acid precipitable radioactivity was assessed by 
absorbing and drying tle sample onto filter paper discs , 
applying 4 x 5 minute wasles of 10 % trichloroacetic acid (TCA) 
at 0C, 3 x 5 minute washes of ethanol at 4C or room temperature , 
and drying at 60C. The filter paper discs were then placed in 
10 ml of toluene containing 5 g/1 PPO and 0.3 g/1 POPOP and 
counted i n a liquid scintillation counter . 
The method described by Rl oades et al. (1968) was used 
with minor rnodificaLion. For ass ssing the nurr~er of nucl eo-
tides r move d from 3H labelled duplex DIA by exonuclease III 
enzyme , the s rple was dd ed to four volumes of calf thymus DNA 
(800 µg/ml) at 0C, allowing which one volume of 50% TCA was 
added and the mixtu incubated at 0C for thirty minutes . The 
mixture w s transfered to a cellulose nitrate tube (capacity 
0 . 6 ml) nd c ntrifu~ed in a plastic adaptor in the SW 25.1 
rotor at 15,000 rpm , 15 minutes at 4C. A measured volume of 
supernat nt w s removed and counted in water miscible scin-
tillation 1 id . 
1 
1. Sucros dients 
S mples wer cent ifuged in 5% to ~oi sucrose gradi nts . 
eutra l sucrose density gr~ ients were m de in 0 . 1 M aCl , 0 . 05 
M Tris (Ph 7 .2 ) , 0.001M EDTA (STE) nd lkali n sucrose density 
gradients in 0.3 M NaO!I , 0 . 7 taCl. Unless otherwise s tat ed . 
2 . CsCl 
a. Separation of th e complementary strands of CELO virus 
DNA in Preparative CsCl gradien ts. 
The method described by Landgraf-Leurs & Green (1971) 
was used with minor modif icat i ons. CELO virus DNA (100-200 µ g) 
in STE, was denatured with 1/1 0 volume of lM NaOH at 37C for 
15 minutes. The mixture was neutralised with 1/11 volume of 
lM Tris (pH 7.9) and 1/11 volume of 1 M HCl. Poly (U, G) (10 
mg/ml) was added immed iately af ter neutralisation at a DNA: 
poly (U, G) ratio of 1:1 or 1 : 2 (w/w). The mixture was adjusted 
to a densi ty of 1.79 g/ml with CsCl and a final volume of 6 ml. 
Centrifugation was ca rried out at 2 5C i n th e Spinco # 40 rotor 
for 24 hour s at 35 ,0 00 rpm nd for a further 24 hours at 30,000 
rpm. The positions of the A2 60 absorbing bands were located 
by pumping the gradient (80 .. ·· 1 2 0 ml/hr) throug h a Gilford 
recording spectrophotometer u s ing the 2 mm light path flow cell. 
Fractions contalning the li ght (L) a nd heavy (H) bands were 
collected and stored at 4C. The H band was purified by centri-
fugation i n a CsCl solution o f dens ity 1.79 g/ml and the L band 
was spar t ly centri uged in a CsC l solution of density 1.78 
g/ml. 
b . Analytical gr dients 
All analytic 1 CsCl g radients we r e done at 44,770 rpm , 
25C fo r 20-24 hours in th Beckman Model E a nalytical ultra-
centrifuge using 4° sector KE L-F centre -pi e ce with a 1° 
negative w dge window . Ultra-violet (u.v.) absorption photo-
graphs ere t · ken , aid trac d with a Joyce-Loeb l microdensito-
meter . 
D nslties ,ere c l cula t d by the method of Bellett 
e t al. (1971) using v lues for B determined by a graph ical 
extr p ol tion of th v lues gi , n by Vinograd & He arst (1962). 
The initi 1 density of CsCl solutions was determined from 
r e fractive index me surements (Ifft et al ., 1 961). 
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3 . GuHCl-Cscl 
a. grctdients 
The sampl in 4M GuHCl was la , rd onto a 4M GuHCl 
solution cont ining n amount of CsCl uch that the fina l 
conce ntration (including s mple) of CsCl was 3 . 026 M (37% by 
weight) and the final volume 5 ml. The mixture was then 
centrifuged or 48 hours at 2 5C, 40,000 rpm, in a Spinco SW 
65L rotor, or t 35,000 rpm in a Spinco SW 50 .1 rotor. 
Preformed linear GuHCl-CsC l gradients were used on a 
number of occasions. These were made f rom two solutions, one 
of density about 1.3 5 g/ml and anothe r of density about 1.55 
g/ml. The solution of 1.35 g/rnl contained 0.3375 g/ml C~Cl 
and 0 . 3822 g/ml GuHCl and the solution of 1.55 g/ml contained 
0.6900 g/ml CsCl and 0 . 3822 g/ml GuHCl. The sample, about 
0 . 6 ml in 4 M GuHCl, was layered onto the GuHCl-CsCl gradient 
(about 4.4 mls) and centrifuged as above for 16 hours. 
b . Analytical gradients 
As mple was mixed with 0. 5 095 g CsCl and 0.3820 g 
GuHCl and made to J.477 g with STE. The final volume was 1 ml. 
and the final r efractive index of this solution was 1.4350-
1 .4 360 . A volume of 0.7 - 0.8 ml was used for analytical ultra-
centrifugation. 
described above 
Annealing of DNA 
Detail s of analyti ca l ultracentrifugat ion are 
(Centri fugation , 2b ) . 
Ann~ l i ng o f the Hand L strands was done in SM CsCl 
at 65C for 16 hours . Denatur ·d CELO DA (5 µ g/ml) completely 
renatured un de r these conditions as determined by analytical 
ultracentri fugatio n . Tr concentrations of the Hand L strands 
during annealing we r e always greater tl1an 5 µg /ml. 
Circulari sa ion of the single strands o f CELO virus DNA 
CELO virus DIA (5 µg/m l) in STE was denatured by adding 
one tenth volume of lM aOH. After 15 mi nutes at room temper-
ature , th e rrixtu r e was djust d to pH 7.9 by adding 1/11 
volume of lM HCl an 1/11 volume of 1 L Tris pH 7 . 9 , incubated 
t 37C for 15 minut s nd finally chilled in ice or stored at 
4C . 
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Exonucle III dig ). Liun O _ CELO Ut A 
Th rn thod of lo des et :.11 . (1968) was us d with 
minor modific tions . Digestion w done in a buf er containing 
0 . 002M MgCl, 0 . 001M mere pto thanol and 0.07M Tris pH 7 . 2. 
Samples con aining 10 µg/ml 3H thymidine labelled CELO virus 
DNA (specific activity 1.3 x 10 5 cpm/ g) and 20-25 units of 
exonucleas III/ml in tle buffer w re incubated at 37C and at 
various times two 100 µl aliquots wer removed for estimation 
of acid soluble radioactivity and 50 µl aliquots were removed 
for electron microscopy . Each sample for electron microscopy 
was added to 50 µl buffer containing 0 . 05 M Tris pH 7 . 9 , 0 . 2M 
NaCl and 0 . 02M EDTA . 
Electron Microscopy of DNA 
The methods described by Davis et al. (1971) were 
used with minor modifications . In the aqueous technique , 
samples were mixed with 0 . 5M NH 4 acetate (pH 7 . 5) , 0 . 001 M 
EDTA, and cytochrome C added to a final concentration of 
0 . 1 mg/ml . This solution (hyperphase) was run down a stain-
less steel ramp onto a hypophase of 0 . 25 M NH 4 acetate (pH 
7 . 5) . Portions of the cytochro me C film were picked up on 
parlodion coat d copper grids (# 200) and either stained with 
uranyl acetat or shadowed with Pt:Pd (80:20 , w/w) wire at an 
angle of s0 to 7° . 
To spread DNA, such that single stranded DNA was 
stretch d out , the sample was made 50% formamide , O. lM Tris 
(pH 9), 0 . 01 M EDTA, 0.1 mg/ml cytochrome C. This hyperphase 
was spread onto 20% formamide in 0 . 01 M Tris (pH 9) , 0 . 001 M 
EDTA . The ilm was pick d up on parlodion coated copper grids 
and shadowed with Pt:Pd wire . Unless otherwise stated , 
samples from gradients 1ere mixed directly with the hyperphase 
solutions . 
Grids were examin din a Siemens Elmiskop I or a 
Phillips 301 electror icroscop . DNA visualised by this 
method w s photograpl1ed , th negatives projected , and the 
molecules traced onto paper . The tracings were then measured 
using a map measurer. 0Xl74 RFII DA and 0Xl74 DNA were used 
as internal length ~tandards for duplex and single stranded 
DA respectiv ly. 
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Par l n u 1 !JI \ 
The metl od described by Doe 1 r & 1·1 inschmidt (1970) 
w s us d with minor tO i ica tion . rl' h • D A solutions (5 µg/ml) 
was dialys d g inst 0 . 01 M plosph t b £ er (pH 7) , 0 . 001 M 
EDTA and mix ·d at 0C witl h lf a volum . of 37% form ldehyde 
neutralised with 2 OH. The mix ure was heate to 56C for 
15 minutes nd then cooled to 0C in ice . The DNA was then spread 
for electron microscopy by the aqu ous technique at a fi nal 
DA concen tr tion of 0.5 µg/ml . 
Methods for extracting DNA fro m adenovirus particles 
1. Guanidinium chloride method 
Two volumes of 6M or one volume of BM GuHCl in 0.0lM 
-dhlm;r'IQ.. 
Tris pH 8.0, 0.001M disodium ethylenitetreacetate (EDTA) was 
mixed wit h one volume of virus at 0C. After 2-3 minutes, 
about 10 volumes of ice-cold chloroform- isoamyl alcohol (24:1) 
were added, and the mixture was rotated slowly at 4C for 5-10 
minutes . After centrifuging at 1100g for 10 minutes at 4C, 
the aqueous phase was dialysed for about one hour against STE 
at 4C. The sample was layered onto a 5% to 20% sucrose density 
gradient prepared in 4M GuHCl, 0.01 M Tris (pH 8.0), 0.001 M 
EDTA and centrifuged for 17 hours at 21,000 rpm and 4C in the 
Spinco SW 25.1 rotor. About 45 fractions were collected and 
a portion of each was counted . The peak was usually 1-3 
fractions head of linear DNA. Peak fractions were pooled and , 
if necessary , dialysed against STE. 
2. Diethylpyrocarbonate - d te rgent method 
Virus was mixed with an equal volume of 1% deoxy-
cholate and about 1/100 volume of diethylpyrocarbonate . Some-
times formamide (30% final concentration) was added. The 
mixture was left for 15 minutes at room temperature, during 
which time a precipitat formed. The sample was extracted for 
10 minutes with chloroform-isoamyl alcohol and centrifuged 
at 1000g fur 15 minutes . Th~ aqueous phase contained less than 
10% of the DA nd was discarded ; it was replaced by an equal 
volume of STE . After rolling the s mp~ e gently for 5-10 
minutes, 1/10 volute of 5% SDS was add d and the sample was 
again roll for about 10 minutes . The aqueous phase was 
collect d and dials d g-inst STE t oom temperature . 
Recov ry of DA w s 50 to 90% . Some of the sample was kept 
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n h m J nder ' dS 1 yt.:re onl.o fo 1' ton microsc JY 
5%-20% sucro grct ient 
hours in the Spinco S 
nd centr ifuge at 18 , 000 
25 . 1 rotor . Fractions of th 
m £or 16 
gradient 
were col l cted and count d as for th GuPCl method . 
3. me thod 
Vi us s mixed with two volumes of 7m urea and one 
volume of 7 .4 M sodium pe rchlorate. Thi s was incubated at 
room temperature for 15 minutes and then extracted with 
chloroform-isoamyl alcohol (24:1, v/v) at 4C. The aqueous 
phase was kept for lectron microscopy and centrifuged in a 
5%-20% sucrose gradient as above. 
4. Formamide-phenol method 
3 volumes of fo rmamide were added to 7 volumes of 
virus and the mixture incubated at 0C for 15 minutes. The 
mixture was then extracted twice with phenol at 0C and the 
aqueous phase dialysed against STE. Samples were taken for 
electron microscopy and centrifugation in a 5%-20% sucrose 
gradient as above . 
5 . Deoxyc olate method 
Equal volumes of 1% deoxycholate and virus were mixed 
and incubated at 56C for one minute. The mixture was then 
extracted with chloroform-isoamyl alcohol (24:1, v/v) and the 
aqueous phase kept for electron microscopy and centrifugation 
on 5%-20% sucrose gradients. 
6. Pyridin method 
1/l0th volumes of pyridine was added to virus, mixed 
and incubate d for one hour at room tenperature . The mixture 
w s extracted with cl loroform -i soamyl alcohol (24:1, v/v) and 
the aque ous phase kept for electron microscopy and centrifug-
ation as above . 
7 . Pron se-SDS-phenol method 
1/l0th volume of pronase (10 mg/ml) was added to virus 
and incubated at 37C for 30 minutes. 1/lSth volume 5% SOS in 
45 % ethanol was then added and the mixture i ncubated for a 
f rther 3 0 minutes at 37C or at room temperature . The mixture 
was extract d twice with phenol at room temperature and the 
queous ph se dialysed against STE. 
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